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Type Ia supernovae have many applications in astronomy, yet with fundamental properties
still not fully understood, new methods for investigating the environment of a supernova need to be
developed. A light echo is produced from the scattering of light from a bright source and can be
used to analyze the dust in the vicinity of the supernova and learn invaluable information about the
source. These techniques can put constraints on explosion and progenitor models. Although light
echo detections from Type Ia supernovae are rare, with only seven total extragalactic detections,
this could be due to the lack of thorough late-epoch monitoring. Since key information is determined
from even a single light echo detection, light echo searches should be undertaken in the future to
supplement our understanding of supernovae.
As part of our collaborative campaign for studying the emission of supernovae at late epochs,
we have added two light echoes to a small sample size of Type Ia supernova light echo detections:
SN 2009ig in NGC 1015 and a dual echo from SN 2007af in NGC 5584. Both echoes were observed
with the Hubble Space Telescope and allow for the most detailed images of Type Ia supernova light
echoes to date. Three filters (F555W, F814W, and F350LP) captured the echoes obtained with
the Wide Field Camera 3, and since both host galaxies were imaged as part of the same observing
program, these cases will be the best comparable light echo pairs. We also further investigate the
light echoes from SN 2006X in NGC 4321 and SN 1998bu in NGC 3368 from Hubble Space Telescope
archival images.
Analyses performed on the images gives crucial insight into the dusty environment of the
host galaxy and the surroundings of the supernova. The outer echo from SN 2007af was created from
an interstellar dust sheet located ∼800 pc in front of the supernova, while the inner echo could be
from interstellar or circumstellar origin. A circumstellar light echo could imply a single degenerate
progenitor. The dust is closer to the supernova for the echo in SN 2009ig. Exploring the color of the
ii
echoes gives implications on the dust type, and both light echo cases have atypical color evolution
from model predictions, which suggests abnormal dust is involved. The echoes from SN 2006X and
double echo from SN 1998bu show the evolution of the echoes over a long time period, which can be
compared to past findings by multiple teams. The echoes show remarkable similarity to other Type
Ia echo detections, and with more discoveries, the transition of light echoes from normal emission can
be investigated, which could further probe the supernova ejecta. Using a process we developed, we
calculate the magnitude differences between Hubble Space Telescope and standard filters in the case
of normal supernovae. We conclude by comparing all light echo detections to date and discussing
the future goals of this work.
iii
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Type Ia supernovae (SNe Ia) are used extensively in astronomy due to their high intrinsic
luminosities and have led to the discovery of the accelerated expansion of the universe (Riess et al.,
1998; Perlmutter et al., 1999). With very nearby SNe Ia exploding in recent years, the most detailed
study of these objects has resulted in a deeper physical understanding. SN 2011fe (D = 6.4 Mpc
± 0.2 Mpc) and SN 2014J (D = 3.5 ± 0.3 Mpc) have pushed the field forward with the unique
opportunity to observe these objects from X-ray to radio wavelengths (Brown et al., 2012; Dittmann
et al., 2014; Tsvetkov et al., 2013; Marion et al., 2015). Extensive monitoring helps to constrain the
progenitor system, galactic chemical evolution, and allows for a more comprehensive picture of the
explosion, which is invaluable to improve the use of SNe Ia as standardizable candles.
On the other end of the spectrum, late observations probe the supernova interior. The
optically thinning layers in the nebular epochs permits direct analysis of the core. By studying the
late-light curves, energy deposition and the escape of positrons can be investigated and compared to
theoretical predictions of elemental abundances. These are also the most suitable epochs to search
for light echoes, which results in a distinct plateau feature in the light curve ∼10 magnitudes fainter
than the source at peak (Patat, 2005). Without the SN emission, the telltale rings of an echo are
easily distinguished from the background. Echoes can be used as a diagnostic tool for studying
the surroundings of the supernova and can put constraints on the progenitor system and explosion
mechanism.
1
1.1 Late-Epoch Behavior of Type Ia Supernovae
My Ph.D. research began with monitoring Type Ia supernovae out to late epochs in optical
and near-infrared wavelengths. At >100 days after the explosion, the ejecta become optically thin
enough for the core to be studied. Total masses of elements in the ejecta can be measured, which
are vital to compare against the predicted element abundance yields from deflagration and delayed-
detonation models (Nomoto et al., 1984). Milne et al. (1999) and Chan and Lingenfelter (1993)
report that the explosion of a SN produces electrons that thermalize from ionization and excitation
and later recombine.
The decay products of the SN explosion dictate the decline of the light curve. 56Ni has a
lifetime (τ) of 8.8 days, while 56Co has a much longer lifetime of 111 days. Thus, at >100 days,
the SN luminosity has decreased dramatically. Between 100 – 200 days after the SN explosion,
the ejecta become transparent to gamma rays. Deposition of positron kinetic energy in the SN
ejecta powers the light curve decline (Lair et al., 2006). Although SNe Ia are extensively used as
cosmological tools due to the homogeneity of their light curves, prolonged monitoring has revealed
subtle differences and subclasses in these seemingly uniform objects. This has dramatic implications
on their application to cosmology and needs to be further investigated.
Late-epoch observations are key to investigate if positrons escape the SN ejecta or if they
are trapped, which leads to annihilations and deposition of energy into the ejecta. By simulating the
decay products of the SN explosion and comparing with the observable spectra and light curves of
SNe Ia (see Figure 1.1), the energy deposition rate in the SN ejecta can be probed. Sollerman et al.
(2004) models decline rates with and without photoionization compared to observational data from
seven Type Ia supernovae. These models represent two treatments of UV photons. No variation
between the small sample is seen at late-epochs, and the simulations suggest that models that include
positron trapping best replicate the observations (Lair et al., 2006).
Studying SNe Ia at late-epochs is important in understanding the nature of the explosion
and differentiate between the subclasses. These studies are also at a crucial epoch to detect light
echoes, which could further probe the explosion mechanism.
2
Figure 1.1: Late BV RI light curves of Type Ia supernovae are compared to Sollerman et al. (2004)
radiation transport models including photoionization (dotted line) and without (dash-dotted curve)
(Lair et al., 2006).
1.2 Light Echoes in Type Ia Supernovae
In this section, I will briefly review the light echo phenomenon. For a more in-depth dis-
cussion, please refer to Drozdov (2013). Light echoes are produced when the light from a bright
source scatters off dust and reflects back to the observer at some later time due to the extra dis-
tance traveled. In the single scattering scenario, the scattering surface is the iso-delay surface of the
light (ellipsoid), which can be approximated as a paraboloid since the distance from the SN to the
observer is much greater than the distance between the dust and the source. In this geometry, the
SN is located at the focus of the paraboloid. The echo is created when dust (we assume a dust sheet
for our analysis) intersects the t paraboloid, which produces a light echo ring with the SN explosion
site located at the center of the ring. An inclined dust sheet relative to the line-of-sight will result
in an echo ring with the SN position located off-center. The basic geometry of a light echo is shown
in Figure 1.2.
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Figure 1.2: The schematic for the geometry of a light echo, showing the t paraboloid and the equation
for the dust sheet distance away from the SN (labeled z here), where x is Dθ (distance to observer
x angular size of echo) (Sparks, 1994).
Light echoes in Type Ia supernovae, as opposed to other supernovae, are easiest to detect
because of the bright luminosity of these objects. That being said, <10 extragalactic cases have been
discovered in the past two decades. A bias could be attributed to the lack of late-time observations
of SNe Ia. Most teams focus on early observations to constrain dust parameters, progenitor, and
hence, explosion models. As for SN Ia light echoes, all except one detection was discovered >300
days past maximum. Light echoes are much easier to detect after this epoch, when the intrinsic
SN emission from the decay of 56Ni → 56Co → 56Fe has faded, and the ∼10 magnitude difference
between peak–echo is apparent. Patat (2003); Patat (2005) argues that light echoes should be ∼10
magnitude fainter than the source at peak due to typical dust densities, echo geometries, and the
distance between the SN and the observer. Our late-epoch monitoring put us in a unique position to
not only study SNe Ia at nebular epochs, but also monitor nearby, peculiar cases for the emergence
of a light echo at late-times. We chose nearby cases because the ∼10 magnitude difference would
be V = ∼23 mag at the faintest, which could still be detected with medium-class ground-based
telescopes. For SNe located near the dusty spiral arms of their host galaxies, we require galaxy
subtraction images, which we obtain over two years past peak light. These images are also used for
the search of light echoes.
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Recently, a light echo was detected in Type Ia SN 2014J (Crotts, 2014). Peak data suggests
an unusual dust law of RV = 1.46 and color excess of E(B – V ) = 1.23 ± 0.01 mag, which results
in an extinction of AV of 1.80 mag (Marion et al., 2015). The extinction of the SN, and the close
proximity of the host galaxy, M82, prompted observers to search for an echo. At only 234 days past
maximum, this is the earliest light echo detection to date. The echo was detected in short exposures
obtained with the WFC3 from program 13626: P.I. A. Crotts. 576s of F438W, 560s of F555W,
and 512s of F814W were used to determine magnitudes of the echo in B, V , and I of 16.9, 16.7,
and 16.8, respectively. Considering the early detection of the light echo, the magnitudes are suspect
to SN emission contamination. Crotts (2014) concludes that a 300 pc away dust sheet created the
outer echo, with a possible 80 pc away dust sheet producing an inner echo. Future observations will
be able to confirm the echo discovery and provide further analysis. The light echo is only ∼6 mag
fainter than the SN at peak in V , and even with extinction correction, this echo is a strange case
compared to the other reported SNe Ia echoes (see Chapter 6 for further discussion).
1.3 Light Echoes as Tools
Light echoes probe the environment and provide valuable information about the dust, pro-
genitor, and the nature of the source. Light echoes can be used to classify historical supernovae
by comparing the light echo spectra with SN templates (Rest et al., 2005, 2008, 2011, 2012). The
spectrum of an echo is the span of light around peak brightness being averaged through the spatial
extent of the dust. Thus, echo spectra are compared to templates averaged over a range at peak for
comparison (Krause et al., 2008) Using polarization measurements, a purely geometric estimate of
the host galaxy distance is possible. Light echoes are powerful tools in investigating the interstellar
(ISM) and circumstellar (CSM) dust around the source, which has direct implications on the pro-
genitor of the system. The size of echoes, combined with the time since peak brightness, and the
distance of the host galaxy allows one to determines the distance between the source and the dust.
In the case of SNe Ia, another method to study the nature of the progenitor is of great interest in
understanding the explosion mechanism(s) involved. By monitoring the color of echoes, the dust
type and grain size can be inferred. The size of an echo evolves in time, and with multiple epochs of
observations, the growth can be characterized and compared to the predicted value. In select cases,
multiple echoes form, which further probe the surroundings.
5
1.3.1 Distance to Host Galaxy
Host galaxy distances are important for determining the Hubble constant, Ho, accurately
for cosmological purposes. Light echoes have been used as a way to estimate the distance to the host
galaxy geometrically (Sparks, 1994, 1996; Sparks et al., 1999; Bond et al., 2003), but uncertainties
in the angular diameter of the echoes limit the utility of that technique.
In the latest Planck results (Planck Collaboration et al., 2014), the Hubble constant was
constrained to 67.3 ± 1.2 km s−1 Mpc−1, while the value determined from fitting Type Ia supernovae
with Cepheid variables to calibrate the magnitude-redshift relation was 73.8 ± 2.4 km s−1 Mpc−1
(Riess et al., 2011). Measurements of the Hubble constant using SNe Ia are prone to errors due to
poorly understood fundamentals and rely on consistency tests and calibrations such as metallicity
dependence of Cepheid period–luminosity relation and calibrating the color–decline rate–luminosity
of SNe Ia. Also, photometric transformations can induce systematic errors in the analysis. Therefore,
a geometric way to have a secondary estimate of the host galaxy distances is highly desirable.
Figure 1.3: The matter density parameter–Ho constaints colored by the spectral index value ns from
Planck Collaboration et al. (2014). The figure shows the 68% and 95% contours illustrating the
improvement of the recent data release.
Estimating the distance to host galaxies of SNe using light echoes is direct and does not
rely on secondary indicators for calibrations. Polarization is maximum at 90◦ scattering, and the
scattering angle is related to the angular distance of the SN. Where the paraboloid intersects the
6
plane of the sky at the SN position, light is scattered at 90◦. This intersection forms a degree of
polarization ring with apparent diameter 2ct, where t is the time since the SN exploded, and c is
the speed of light. The distance to the host galaxy is simply D = ct/φ0, where φ0 is the angular
diameter of the ring of polarization (Sparks, 1994; Boffi et al., 1999).
In theory, measuring the polarization is simple and should be possible with host galaxies <30
Mpc (Sparks, 1994). However, there are many practical limitations. The optical depth of the dust
and the brightness of the SN (which depends on host galaxy distance) are crucial in resolving the
ring of polarization. Since echo detections are rare, the luminosity may not be sufficient to resolve
the polarized ring. To detect the polarization, 8 – 10m class telescopes are necessary for galaxies
beyond the Local Group (Romaniello et al., 2005). Both high resolution polarized and unpolarized
images of the light echo must be taken. A blue band filter is preferred for these observations since
scattered light tends toward bluer wavelengths. This type of observing program was undertaken in
2003 and 2006 to observe the light echoes in SN 1998bu, which will be discussed in Section 4.2.
Sparks et al. (1999) reported the polarization measurement results of the light echo in
SN 1991T. HST observations using the Wide Field and Planetary Camera 2 (WFPC2) and Faint
Object Camera (FOC) obtained images using both unpolarized images and images produced with
three double Rochon prism polarizers, oriented 60◦ to one another. The total flux for each polarizer
was compared to determine if a polarization measurement was detected, with only a total integrated
degree of polarization of ∼4% captured. This, they report, is expected with the circular symmetric
pattern typically produced from the scattering by a single, central source, resulting in a cancellation
of polarization (Figure 1.4). However, some emission (polarization levels of up to∼30%) was detected
at the center of the echo, which is consistent with a host galaxy distance of ∼15 Mpc. The host
galaxy distance derived from Cepheid calibrations was 14.1 ± 0.9 Mpc (Saha et al., 2001), showing
the success (albeit with high uncertainty) of the light echo analysis.
1.3.2 Progenitor
Type Ia supernovae are extensively used in cosmology to constrain the energy density of
the universe, but despite some well-characterized empirical relations, the underlying physics remains
partially understood. Even the explosion mechanism of the SN is still debated. New techniques to
investigate the progenitor system for SNe Ia are needed. Light echoes can be used to determine
the distance between the dust and the SN. With the high luminosity of these exploding stars, this
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Figure 1.4: The polarization electric vectors of the light echo from SN 199T superimposed on a
contour map of the echo. This illustrates the circular symmetry in the polarization. Polarization
levels of ∼30% are derived from the center (Sparks et al., 1999).
distance can be hundreds of parsecs away, implying an interstellar material origin. The angular size
of other echoes has been shown to be consistent with a much closer distance to the SN and possibly
of circumstellar material origin.
Two leading theories have emerged to explain the explosion of SNe Ia: the single-degenerate
scenario (SD) and the double-degenerate scenario (DD). The SD scenario consists of a carbon-oxygen
white dwarf binary system with a red giant, main sequence star, or subgiant companion. The
companion sheds material onto the white dwarf, and once the mass approaches the Chandrasekhar
limit (∼1.44 M), a thermonuclear runaway is triggered from the unstable conditions. In the DD
scenario, two white dwarfs merge, which triggers the thermonuclear explosion by the same method.
There are also other theories of triple systems that we will leave for the reader to explore.
Circumstellar light echoes could be used as evidence of the SD progenitor scenario (Wang
et al., 2008; Garnavich et al., 2001). Patat et al. (2006) argues that the SN explosion itself would
destroy nearby dust, which would make CSM echoes highly unlikely. Also, if the dust could survive
the explosion, to be sufficient to create an echo would require optically thick conditions. This could
be the reason that CSM light echoes (<10 pc) are not as commonly found (Sugerman, 2003; Patat
8
et al., 2007; Förster et al., 2013). The basic geometry of a circumstellar echo is shown in Figure 1.5.
A circumstellar light echo has been argued for SN 1998bu (Garnavich et al., 2001), SN 2006X (Wang
et al., 2008), and SN 2007af (Drozdov et al., 2014). In this dissertation, we present further analysis
and comparisons of the CSM echoes of SN 2007af and SN 1998bu. Since the circumstellar aspect of
the echoes is a controversial result, we also investigate other possible explanations for the echoes.
Figure 1.5: Schematic from Miller et al. (2010) of a typical circumstellar envelope around a mass-
losing star that could produce a light echo. Although this figure represents the geometry of an
infrared echo for Type II SN 2006gy, it is still applicable for Type Ia SN CSM echoes. A dust
shell surrounds the SN and could produce an echo from forward or backscattered light off dust
surrounding the source. As time grows, the echo evolves.
1.3.3 Dust Probe
A direct way to study the dust around supernovae is to image the light reflecting off of
dust (i.e. a light echo). As mentioned previously, the ISM versus CSM nature of the echo can have
immense implications on the progenitor of the system. The distance the dust is away from the SN
is of great interest to study the mass-loss of the progenitors. As mentioned in Drozdov (2013), the
color of the echo can also be used to determine the type of dust that created the echo and also put
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constraints on the dust grain size.
The degree of symmetry of the explosion can be investigated with light echoes (Rest et al.,
2012) using 3-D mapping of the dust. If multiple echoes are detected, the surroundings of the source
are viewed from multiple angles. Optical spectra of three distinct Cas A light echoes (Figure 1.6)
probed different regions in the SN photospheres. This is the first study of this kind. The time-
weighted spectra revealed that two of the echoes were indistinguishable from prototype Type II
SN 1993J, while the third had blueshifted He I and Hα features (∼4000 km s−1) in the time-
weighted spectra. These features translate to a higher ejecta velocity in this direction, suggesting
an asymmetry to the explosion of the SN in the year 1681 ± 19.
As described in Tylenda (2004), the inclination of the dust sheet can be determined by
the distance the light echo ring is offset from the center of the SN position. Using the same axis
convention as shown in Figure 1.2, the z axis is the direction of the line of sight, the y axis is in
the vertical direction, and the x axis is along the horizontal. If we assume a thin sheet of dust with
normal vector (n̂) in the (x,z) plane intersecting the z axis at angle α, then the sheet is expressed
mathematically by Equation 1.1, where a = tanα. Using the geometry of a paraboloid, the echo
shape is described by Equation 1.2, where c is the speed of light.
z = z0 − ax (1.1)
x2 + y2 = (ct)2 + 2z0ct− 2axct (1.2)
The light echo has a ring with radius ζ =
√
(1 + a2)(ct)2 + 2z0ct. The center of the ring
has coordinates xc = -act, yc = 0. The offset between the SN position and the echo center grows in
time at a constant velocity of |a|c in the opposite direction of the slab projected normal on the sky.
1.3.4 Echo Evolution
If the dust sheet is extensive and continues to intersect the t paraboloid, the angular size of
the echo will grow in time. If multiple observations spanning years or even decades (in the case of
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Figure 1.6: Rest et al. (2012) reports the asymmetry of the Cas A SN explosion determined from
three light echoes that probe separate regions. The paraboloid of the light echo is shown from various
angles with the SN (in red) at the focus. The brown circles are the scattering material, with the
black arrows showing the path of the light to the observer from the SN. LE3923 was created from
dust >2000 ly away from the SN. Thus, the full path is not shown. The top right panel is a Chandra
X-ray image (Hwang et al., 2004) with the light paths superimposed in grey. The red arrow refers
to apparent motion of the X-ray compact object located near the center of the supernova remnant.
SN 1998bu) are obtained of the light echo, a detectable growth can be observed. This, in turn, can
be compared to the predicted growth (see Equation 1.3), where θ is the angular size of the echo in
arcseconds, d is the distance between the dust and SN, t is the time since peak (in yrs), c is the speed
of light, and D is the distance to the SN. Following convention, we use t to refer to the time since
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B maximum. The equation holds in the assumption of a dust sheet. For a shell of dust surrounding






Figure 1.7 shows the measured and predicted echo growth of the variable eruptive star V838
Monocerotis (Crause et al., 2005). Here, both the shell and dust sheet models were compared to
the actual measurements, showing the small difference in the two year timespan of the observations.
Figure 1.8 shows the visual expansion of the echo of V838 Mon from Crause et al. (2005). Multiple
epochs of V838 Mon from 2002 – 2004 in BV RI show the impressive expansion of the light echo.
The angular size of the echo is indicated by the black horizontal bar shown in the V panel of images.
Figure 1.7: The prolonged observations of V838 Mon show the agreement between the observed light
echo radius (′′) and the predicted angular size models for a thin sheet (solid line) and shell model
(dashed line) (Crause et al., 2005).
The dissertation is organized as follows: early- and light echo observations of SN 2007af, SN
2006X, SN 1998bu, and SN 2009ig are described in Chapters 2, 3, 4, and 5, respectively. We compare
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these results with all other Type Ia supernova light echo detections in Chapter 6. Chapter 7 presents
our conclusions and the work that will continue after the completion of the dissertation. Finally,
we discuss the non-negligible magnitude differences between Hubble Space Telescope and standard
filters for the use of Type Ia supernovae in the appendix at the end of the dissertation.
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Figure 1.8: The 2.5′′ x 2.5′′ BV RI images of the evolution of the echo of V838 Mon taken with the
South African Astronomical Observatory CCD on 2002 May 1, 2003 May 21, and 2004 May 7. The




The light echo from SN 2007af was extensively detailed in Drozdov (2013). Here, we provide
background information and report the updated results of our analyses. These findings have recently
been published in the Astrophysical Journal (Drozdov et al., 2014). We report on the continued
analysis and results from Steward Observatory, Kitt Peak National Observatory, and Hubble Space
Telescope of the light echoes discovered in data obtained three years after maximum.
SN 2007af, a normal Type Ia supernova, was discovered by K. Itagaki on 2007 March
1.84 (UT dates are used throughout) at α = 14h22m21.03s, and δ = −0◦23′37.6′′ well before
maximum. As reported in Simon et al. (2007), SN 2007af peaked on 2007 March 14.76 ± 0.12d (JD
= 2454174.26). The SN location (offset 40′′ west and 22′′ south from the center of NGC 5584) made
for an ideal candidate for multi-epoch monitoring. The line-of-sight extinction estimate from Simon
et al. (2007) was AV = 0.39 ± 0.06 mag using an extinction law of RV = 2.98 ± 0.33. Due to the
low extinction and the normal behavior at peak, SN 2007af was considered an unlikely candidate
for a light echo.
2.1 Ground-based Observations
Our continued monitoring of Type Ia supernovae out to late-epochs using Steward Obser-
vatory and Kitt Peak National Observatory resources has resulted in an unprecedented opportunity
to detect light echoes. While most teams focus on gathering peak information about SNe Ia, we
monitor the subtle differences in the late-time behavior. With our ground-based monitoring, we
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have detected and provided the ground-based compliments to two light echoes: SN 2007af and SN
2009ig.
2.1.1 Steward Observatory Observations
SN 2007af was monitored with the Montreal 4K imager (Mont4K) on the 1.5m Kuiper
telescope and the 90Prime Imager on the 2.3m Bok telescope. The 1.5m Kuiper telescope is located
on Mount Bigelow in the Santa Catalina Mountains. The Mont4K optical imager is equipped with
a Fairchild 4000 x 4000 pixel CCD with a 9′.7 x 9′.7 field of view. The telescope features a primary
focal ratio of f/13.5 Cassegrain focus. The optical imager used on the Bok telescope at Kitt Peak,
90Prime, is a prime focus, wide-field imager, which utilizes a mosaic array of four 4000 x 4000 pixel
CCDs and images an area of 1.0 square degrees. Aperture photometry was performed using Landolt
standard stars (Landolt, 1992), and the images were reduced using standard IRAF1 procedures. The
late-epoch Steward observations were analyzed after template subtraction using both HST images
and images obtained from NASA/IPAC Extragalactic Database (NED)2. Photometry was rerun on
all Steward Observatory images, and low quality observations (including late-epoch) were discarded.
The updated photometry can be seen in Table 2.1.
Table 2.1: Optical Photometry from Steward Observatory
JD (days) B err(B) V err(V) R err(R)
2454208.9 16.20 0.01 14.99 0.01 14.54 0.01
2454229.5 16.71 0.01 15.69 0.01 15.35 0.01
2454230.5 16.70 0.01 15.74 0.01 15.44 0.01
2454231.5 16.79 0.01 15.73 0.01 15.46 0.01
2454246.5 16.88 0.01 16.06 0.01 15.87 0.01
2454257.5 17.03 0.01 16.57 0.01 16.20 0.01
2454481.5 20.39 0.01 20.38 0.04 20.42 0.41
2454509.5 ... ... 20.25 0.04 20.89 0.07
2454539.5 ... ... 20.83 0.07 21.32 0.08
2454540.5 ... ... 20.78 0.03 ... ...
2454562.5 21.25 0.07 21.54 0.08 21.51 0.08
2454908.5 ... ... 22.76 0.46 ...
1The Image Reduction and Analysis Facility (IRAF) is publicly distributed by the National Optical Astronomy
Observatory (NOAO) in Tucson, AZ. NOAO is operated by the Association of Universities for Research in Astronomy,
Inc. in cooperation with the National Science Foundation.
2The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Insti-
tute of Technology, under contract with the National Aeronautics and Space Administration.
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Figure 2.1: Monitoring of SN 2007af with the Steward Observatory Bok telescope (foreground) and
Mayall-4m (top of the hill) was completed at Kitt Peak National Observatory
2.1.2 Mayall-4m Observations
On March 21, 2014, we obtained optical images of SN 2007af with MOSAIC on the Mayall-
4m at Kitt Peak National Observatory. Unfortunately, NGC 5584 was a late rising target, and we
were only able to capture the echo in B after a total integration time of 8100s (see Figure 2.2). The
V band images were taken during twilight, compounded with the faintness of the echoes, resulted in
a non-detection. Reduction on these images was completed using routine IRAF procedures. Galaxy
subtraction was performed using a template of NGC 5584 taken from NED. Aperture photometry
with various apertures sizes was performed using field stars of known magnitude (from previously
calibrated observations). The best fit resulted in a B band magnitude of 24.47 ± 0.61. The high
error bars are due to the faintness and extended nature of the echo. When including this detection
on the light curve (see Figure 2.3), we moved the observation (shown with a black filled circle) to
the epoch of the HST observations for direct comparison.
2.1.3 Light Curve
Early- and late-epoch observations complete the light curve (Figure 2.3) and are plotted
against the dashed line of normal Type Ia SN 1992A (Suntzeff, 1996). The late-epoch SN 1992A
template was extrapolated using typical decline rates. At early epochs, the light curve shows no
deviation from the normal template, and since little dust was detected at peak along the line of
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Figure 2.2: Ground-based B band image of NGC 5584 taken with MOSAIC on the Mayall-4m at
Kitt Peak National Observatory on March 21, 2014 (7 years after peak). The SN location is marked
with a green circle.
sight, this SN was considered a poor candidate for an echo. The normal peak behavior of SN 2007af
is in sharp contrast to the late plateau. The 2009 March 18.2 (JD = 2454908.5) observations, two
years past explosion, show the SN had declined considerably less than SN 1992A at a comparable
epoch. The emission from Type Ia supernovae during that epoch is thought to be due to the energy
deposition from positrons created in 56Co → 56Fe decays (Suntzeff, 1996; Milne et al., 1999). The
obvious flattening of the SN 2007af light curve compared to the decline rate from intrinsic emission
is attributed to the existence of a light echo. Patat (2005) argued that light echoes should be 10 –
12 magnitudes fainter than the SN at peak due to typical number density of dust particles, which
is consistent with the observational sample. For thick dust shells, the change in magnitude can
exceed this value. A light echo 10 magnitudes fainter than peak will reveal itself at 450+ days
post-maximum.
The distinct flattening is present in B, V , and I, suggesting that an echo was captured in the
HST images (in VEGA magnitudes), the ground-based Steward Observatory late-epoch observation
in V , and the extremely late-epoch ground-based Kitt Peak Observatory B observation. SN 2007af
was well observed in the transition from intrinsic to light echo emission. At over 1000 days after
peak, the SN is ∼4 magnitudes brighter than predicted from intrinsic emission.
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Figure 2.3: Early (lower panel)- and complete (upper panel) BV RI light curves of SN 2007af plotted
against normal SN 1992A (dashed line) (Suntzeff, 1996). The light echo dominates at late-times.
The HST images are labeled with black diamonds (F555W) and red diamonds (F814W) in VEGA
magnitudes. Steward observations and late-epoch Mayall-4m B observation are distinguished with
filled circles. The Mayall-4m data point was moved to its present location on the light curve for
presentation purposes and shows the continued presence of the echo. The early data was taken from




The HST images reveal the light echo visually (Figure 2.4). These∼1000 days post explosion
images show a ring-like object and extended central source at the location of the SN, which we
propose as outer and inner light echoes.
2.2.1 HST Observations
To use high-redshift SNe Ia in cosmology, the absolute magnitudes of SNe Ia must be
calibrated. The best calibrations of SNe Ia use Cepheid variable stars in the host galaxies of low-
redshift SNe Ia, which are calibrated with parallax and main sequence fitting, two nearby rungs of
the distance ladder. Cepheid variable monitoring is one of the techniques used to measure the Ho,
the present expansion rate of the universe. The “Supernovae and Ho for the Equation of State”
(SHOES) project aimed to measure the expansion rate to <5% precision using SNe Ia and Cepheids.
SNe Ia chosen for this cosmological study had to fit the following criteria: have modern photometric
data (e.g. CCD), have observations before peak, low reddening (AV < 0.5 mag), be spectroscopically
classified as normal, and have HST optical observations of Cepheid variables in the SN host galaxy
(Riess et al., 2011).
NGC 5584 was discovered to have a wealth of Cepheids and was observed with the WFC3
during HST Cycle 17 as part of HST program 11570: P.I. A. Riess. NGC 5584 was observed in
the F160W (wide H), F350LP (unfiltered long pass), F555W (wide V ), and F814W (wide I) filters
from January – April 2010, three years after the explosion of the SN. The individual exposures were
400 – 700s in length with a total exposure time equaling 4926s. Integer and half-pixel dithering were
enabled between exposures to characterize the point spread function (PSF).
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Figure 2.4: Color composite image of NGC 5584 and the combined light echo image of SN 2007af
(inset panel) from HST WFC3. The SN location (box) is shown in NGC 5584, and the 2′′ x 2′′ close
up of the region shows both echoes in the center of the box, nestled in between the white stellar
source middle left and group of white sources bottom right. The images are the result of stacking
the individual monthly observations in all filters. A ring (outer echo) surrounds the bright central
region, which we propose as a secondary light echo (inner echo).
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Figure 2.5: Time evolution of the light echoes from SN 2007af in the broad-band F350LP filter.
Upper left panel is the observation taken in January 2010, upper right is February 2010, bottom left
is March 2010, and bottom right is the observation from April 2010. The sequence of images shows
the separation between the outer ring (center of green circle) and the bright central region, which
we propose is a second light echo.
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Figure 2.6: Time evolution of the light echoes from SN 2007af in the F555W filter following the
same chronological sequence.
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Figure 2.7: Time evolution of the light echo from SN 2007af in the F814W filter. The left panel is
the February epoch, and the right panel is the March observation. The faint echoes are nestled in
the center of the green circles. These echoes are much more difficult to discern since scattering at
these wavelengths is not as efficient as at shorter wavelengths.
The Cepheid campaign began in January 2010, 2.8 years after the SN peak brightness.
Thirty-nine images were stacked to improve the signal-to-noise ratio in four filters, with the light
echoes detected in all but the F160W(IR) filter (Figure 2.8). The echoes are clearly weaker in
the F814W filter than in F350LP and F555W. The echoes are faint, and in particular, the surface
brightness of the outer feature is very low. The region contains a number of other emission features,
both stellar and otherwise. We characterized the echoes by fitting defined shapes convolved with
the PSF’s of the images (see Figure 2.9).
In this analysis, we select a limited region around the SN location, determine the PSF size
from a number of stars (typically twenty), subtract stellar objects near the SN, and perform non-
linear least-squares fits of two shapes plus background to a region typically twenty-five pixels square
around the SN. The PSF’s are assumed to be azimuthally symmetric radial gaussians and are found
to be consistent with 0.′′11 full-width half-maximum (FWHM). We tried a variety of different shapes
for the echo features. Fits of elliptical functions did not yield significant eccentricity, regardless of
axis orientations, so we quote only fits for azimuthally symmetric functions. For the central source,
we tried a flat plateau and exponentials, but no shape fit significantly better than a two dimensional
radial gaussian, so we use that. For the outer annular echo, we use a radial function that falls off as
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Figure 2.8: The comparison of the F160W image (left panel) with the F350LP March observation
(right panel) centered on the same position, illustrating the lower resolving capabilities.
a gaussian from a radius of maximum.
Our general fit has ten parameters: a constant background, central gaussian amplitude and
width, gaussian annulus amplitude, peak radius, and width, and two coordinates of the center of each
of the echo shapes. Convergence is unpredictable with all parameters free because of correlations
among them, so we generally constrain some of them. If we try to determine the locations of the
centroids of the echoes by fixing the widths of the two echoes, we always find the coordinates of
both echo centers are consistent with the location of the SN and with each other, strengthening the
argument of two separate echo detections. The locations are within one-half pixel of the SN position
with a one-sigma uncertainty of typically 0.2 pixels using the world coordinate system coordinates of
the echo centers in the HST images compared to the coordinates of the SN position. To determine
the intensities and widths of the features, we constrain the coordinates of the centers of the two to
be the same for both. Also, the two widths and the annulus radius are highly correlated for our
quoted sizes and fluxes, so we fix the annulus FWHM at the mean best-fit value (0.′′16) and allow
the central source FWHM and annulus peak radius to vary.
Where there are non-stellar features in the fit region that are unrelated to the SN echoes,
we exclude those points from the fits. The models are convolved with the PSF’s and fit to the data.
The resulting least-squares fits are typically not formally good fits, with reduced χ2 typically 1.5
to 2.0 for 450 degrees of freedom. The central echo is generally well fit, but the outer echo is not
smooth and not very well fit by a smooth azimuthally symmetric echo due to the faintness of the
echo and contamination by artifacts. Still, the fits capture well the sizes and brightnesses of the
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echo components. The intrinsic angular radii measurements for the outer (θOE) and inner echoes
(θIE) can be found in Table 2.2 for each filter.
Light echo rings should grow with time if produced by a continuous dust sheet scattering
the light. Unfortunately, the four month timespan combined with the uncertainty in the angular
size of both echoes meant that we were unable to resolve the expected growth in angular radius.
To confirm the growth of both echoes, subsequent HST imaging would be necessary. Ground-based
observations can confirm that the source is still present, but space-based images are necessary to
resolve the details of those observations.
Table 2.2: Angular Sizes of Echoes
Filter JD (days) θOE(
′′) θIE(
′′)
F350LP 2455205.43 0.34 ± 0.01 0.13 ± 0.02
F350LP 2455233.52 0.32 ± 0.01 0.10 ± 0.02
F350LP 2455257.48 0.33 ± 0.01 0.11 ± 0.02
F350LP 2455296.04 0.33 ± 0.01 0.13 ± 0.02
F555W 2455205.35 0.32 ± 0.01 0.12 ± 0.02
F555W 2455233.44 0.31 ± 0.01 0.11 ± 0.02
F555W 2455244.37 0.32 ± 0.01 0.11 ± 0.02
F555W 2455257.35 0.32 ± 0.01 0.10 ± 0.01
F555W 2455295.96 0.32 ± 0.01 0.11 ± 0.02
F814W 2455233.57 0.35 ± 0.01 0.09 ± 0.03
F814W 2455263.82 0.32 ± 0.01 0.08 ± 0.03
To independently confirm the extent of the central echo, the FWHM of the source was
determined using the radial profile task (r mode, which uses a radial profile Gaussian fit) in IMEX-
AMINE in IRAF (Tody, 1986). The analysis confirmed an extended FWHM for all echo images,
although only an estimate could be made for the poorly constrained F814W filter. The measured
FWHM were all consistent, within uncertainties. The average FWHM of the local stars was 2.63 ±
0.4 pixels compared to the average inner echo FWHM of 4.03 ± 0.3 pixels. Thus, the inner echo
has a FWHM 1.53 times extended relative to the local stars in the field. This test illustrates the
broadened feature of the source and definitively refutes the notion that the central component is
simply a background star. The broadening can be interpreted as nebulosity caused by a light echo,
but an extended non-echo source cannot be eliminated.
26
2.2.2 Light Echo Magnitude
Light echo magnitudes were determined using the fits mentioned previously and are consis-
tent with the values obtained from estimating by eye the sizes of circular apertures and summing
the counts enclosed. We spent considerable time refining the method of determining the magnitude
of the light echoes and converting the magnitudes into the same system as earlier observations. This
combined effort results in the most significant changes since Drozdov (2013).
The counts were converted to VEGA magnitudes using WFC3 header keyword PHOT-
FLAM, the mean flux density that produces one count per second in observing mode, and the filter
zeropoints provided in the instrument handbook.3 The values used in our conversions can be found
in Table 2.3, where VEGAmag refers to the zeropoint to convert to VEGA magnitudes. Magnitude
zeropoints represent the magnitude corresponding to a (flat-field corrected) count rate of 1 electron
s−1, and they are used to convert instrumental to astrophysical units. The VEGA zeropoints are in
the SYNPHOT standard magnitude system, for which Vega, by definition, has a magnitude of zero
for all wavelengths. The Vega magnitude of a star with flux F is -2.5 log10 (F/FV ega) where FV ega
is the calibrated spectrum of Vega in SYNPHOT.
Table 2.3: HST Photometry Parameters




The magnitudes of the inner and outer echoes listed by filter and date are listed in Table 2.4.
The total magnitude of the echoes (in VEGA magnitudes) was used in plotting the HST observations
on the light curve of SN 2007af (Figure 2.3) since the ground-based observations would not resolve
two separate components.
The magnitude difference between the inner and outer echoes changes with filter. For the
F350LP filter, there is a ∼0.6 mag difference between the outer and inner echo values and ∼0.7
mag difference in the F555W filter. However, for the F814W band, this value increases to ∼1.0
mag. Even with the lower sensitivity in the wide I filter, this noticeable change implies a change in
3http://www.stsci.edu/hst/wfc3/phot zp lbn.
4All magnitudes listed are in VEGA magnitudes.
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Table 2.4: Light Echo Magnitudes4
Filter JD (days) MagnitudeOE MagnitudeIE MagnitudeTotal ∆m
F350LP 2455205.43 24.48 ± 0.07 25.20 ± 0.20 24.03 ...
F350LP 2455233.52 24.61 ± 0.07 25.37 ± 0.19 24.17 ...
F350LP 2455257.48 24.55 ± 0.07 25.33 ± 0.19 24.12 ...
F350LP 2455296.04 24.83 ± 0.09 25.34 ± 0.22 24.30 ...
F555W 2455205.35 24.51 ± 0.06 25.11 ± 0.17 24.02 11.21
F555W 2455233.44 24.59 ± 0.07 25.20 ± 0.20 24.10 11.36
F555W 2455244.37 24.60 ± 0.06 25.22 ± 0.18 24.12 11.29
F555W 2455257.35 24.58 ± 0.06 25.26 ± 0.17 24.11 11.32
F555W 2455295.96 24.83 ± 0.08 25.21 ± 0.18 24.25 11.30
F814W 2455233.57 25.06 ± 0.16 25.96 ± 0.37 24.67 11.51
F814W 2455263.82 24.82 ± 0.12 26.25 ± 0.45 24.56 11.40
dust reflecting properties. This behavior seems inconsistent for two light echoes created in the same
manner, which could suggest a different mechanism for producing the inner echo.
2.3 Physical Model
Light echoes are effective probes of the surrounding material, and simple applications yield
ample information about the source. From the geometry of the echoes, a distance between the
scattering medium and SN can be inferred, and the color of the echoes reveals information about
the scattering effects and dust properties.
2.3.1 Dust Distance
Analytical treatment of the light echo phenomenon (see Couderc (1939) for more rigorous
derivation) states that a dust sheet intersecting the paraboloid of constant time delay creates a
circular ring echo centered on the source solely dependent on the time (t) since peak light, the speed
of light c, and the distance to the SN (D), assuming a dust sheet perpendicular to the line of sight.
The distance the dust sheet lies in front of the SN can be simply determined using Equation 2.1,






The foreground distance between the dust sheet and the SN for the outer echo was deter-
mined using D = 24 Mpc to NGC 5584 (Simon et al., 2007). For comparison, the distance estimate
based on a joint analysis of the Cepheid and SN data by Riess et al. (2011) yields D = 23 ± 0.7
Mpc after correction for the revised maser distance to NGC 4258 (Humphreys et al., 2013). The
dust sheet distances can be found in Table 2.5. The average distance from the SN to the dust sheet
is 790 ± 60 pc, implying that ISM dust produced the echo.
The inner echo is consistent with both a CSM and ISM sheet and represents the smallest
and largest dust distances allowed by the previous analysis. From our analysis, we cannot eliminate
the CSM geometry possibility. The inner echo dust distance was calculated assuming a circumstellar
sheet (dIECSM (pc)). Using the proposed solution of backscattered light, a dust sheet located behind
the SN exists at a location determined solely by the time delay of the echo. The initial light from
the SN traveled outward, backscattered off the dust sheet behind the explosion site, and returned
back toward the observer. Therefore, half of the time delay determines the distance to the dust
sheet. The average inner echo distance from the SN to the sheet is 0.45 ± 0.01 pc in this scenario.
Alternatively, the results for the ISM dust sheet scenario are listed in the last column using the same
labeling convention. The inner echo SN-foreground dust sheet distance results in an average of 90
± 20 pc.
Table 2.5: Dust Sheet Distances
Filter JD (days) dOE(pc) dIECSM (pc) dIEISM (pc)
F350LP 2455205.43 891 0.43 130
F555W 2455205.35 790 0.43 110
F555W 2455233.44 721 0.44 90
F350LP 2455233.52 769 0.44 74
F814W 2455233.57 920 0.44 60
F555W 2455244.37 761 0.45 89
F350LP 2455257.48 800 0.46 88
F555W 2455257.35 752 0.46 88
F814W 2455263.82 748 0.46 46
F350LP 2455296.04 772 0.47 119
F555W 2455295.96 726 0.47 85
A schematic for the dust geometry (not to scale) for the January epoch in the F555W filter
can be seen in Figure 2.10 for a CSM inner echo. Because the distance from the SN to Earth is
much greater than the distance between the SN and the dust, we can approximate the geometry of
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the phenomenon by a paraboloid. The SN is located at the focus of the paraboloid, and the echo
rings are created from the intersection between the dust sheet and the paraboloid (Patat, 2005).
The orange shaded region shows the intersection that results in the outer echo, and the blue shaded
region is the intersection causing the inner echo. Figure 2.11 shows the same epoch but with an ISM
origin for both echoes.
2.3.2 Dust Color Analysis
Using the Patat (2005) model, the initial light is treated as a flash. The signal received by
the observer at a later time t is the sum of photons from the SN in the range of time from 0 – t. The
global flux measured by the observer is the echo flux combined with the photons that reached the
observer on the direct path from the SN, which is then extinction corrected (using values derived
at peak). The light echo flux in a particular passband is given by F = LonoCscat∆tSNe
−τeffG(t),
where Lo is the SN signal, no is the number density of scattering particles, and Cscat is the scattering
cross-section of the dust grains. The flash duration is ∆tSN , τeff is the weighted optical depth for
the LE at a given time, and G(t) is a wavelength- and time-dependent function related to the dust
geometry.
The color of an echo can be predicted using the single scattering model taken from Patat
(2005). The predicted color of the echo (Equation 2.2) was determined by folding the F555W and
F814W WFC3 transmission filters with a peak Branch normal SN Ia spectrum (Nugent et al., 2002)
scattered with Draine (2003) dust cross-sections and weighted by the flash duration in each band.
These are compared to the Vega spectrum folded with the same filter transmission functions. The
observed and theoretical colors are written in terms of F555W – F814W (V – I). A normal SN
Ia peak spectrum was used because reddening corrections are then unnecessary, and the peak SN
2007af spectrum did not extend to the blueward wavelengths of the F555W transmission filter. The
flash durations were estimated using the peak light curve of SN 2007af. We chose the flash duration
to be the number of days, centered around maximum, within one magnitude of the peak value. The
flash durations of V and I were estimated at 0.08 yr (30 days) and 0.11 yr (40 days), respectively.
The I band had a longer flash duration due to the second maximum in the light curve.







Some dust parameters used are listed in Table 2.6 for illustration, where the third column
is the scattering cross section for forward scattering (θ = 0◦), and the fourth column values are for
backward scattering (θ = 180◦)5. We use the dust parameters for three types of dust: Milky Way
(MW), Large Magellanic Cloud (LMC), and Small Magellanic Cloud (SMC) bar. Cscat corresponds
to the differential scattering cross section per H atom, which determines the scattering properties of
a particular dust mixture. The values listed are the ones closest to the central wavelength for F555W
and F814W and merely illustrate the relation between forward and backscattering cross section. For
our analysis, we integrated over all wavelengths.
Table 2.6: Dust Parameters6
θ = 0◦ θ = 180◦
Dust Type Wavelength (Å) Cscat(cm
2) Cscat(cm
2)
MW RV = 3.1 5470 1.68E-22 7.30E-24
MW RV = 3.1 8020 6.27E-23 5.88E-24
LMC RV = 2.6 5470 5.32E-23 1.51E-24
LMC RV = 2.6 8020 1.96E-23 1.10E-24
SMC Bar RV = 2.9 5470 2.38E-23 9.81E-25
SMC Bar RV = 2.9 8020 8.85E-24 6.39E-25
Table 2.7: Comparison Between Peak, Echo Color, and Model Predictions
Observed Theoretical
Epoch (V – I) (mag) Dust Type θ = 0◦ θ = 180◦
Peak -0.327 MW RV = 3.1 -1.124 -0.291
Outer Echo -0.317 ± 0.104 LMC RV = 2.6 -1.122 -0.561
Inner Echo -0.904 ± 0.304 SMC Bar RV = 2.9 -1.127 -0.545
The actual echo colors using the averages measured in each filter was compared to the
predicted model colors (Table 2.7). Also listed is the peak dereddened color of SN 2007af (-0.327
mag), which was obtained by integrating the peak SN spectrum over the filter responses compared
to the Vega spectrum folded with the filter responses. The results of the Patat (2005) model color
for forward and backward scattering calculations for the three dust types are listed in the last two
columns. All values listed are in the VEGA magnitude system.
Forward scattering replicates the inner echo color at the far uncertainty limit, but does not
discriminate between dust types due to large uncertainties. The outer echo color does not match
predictions, and thus, abnormal dust must be considered. It is interesting to note that the outer
5ftp://ftp.astro.princeton.edu/draine/dust/mix/
6θ = 0◦ corresponds to forward scattering, and θ = 180◦ is backscattering.
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echo color has not changed drastically from the direct peak light, but that is not the case for the
inner echo. Dust grains are not expected to isotropically scatter light from an echo. Small angle
scattering is more efficient. Thus, forward scattering is the preferred mechanism, which is consistent
with the inner echo. We also tried a secondary method of predicting the echo color by binning the
light curve and summing over time bins, with similar results.
Recently, lower RV value have been reported for Type Ia supernovae (Hicken et al., 2009;
Goobar, 2008). Scattered light (which causes echoes) tends to reduce the ratio of total-to-selective
extinction in the optical (Wang, 2005). The ratio is significantly lower at longer wavelengths than
3000Å. Abnormal dust has been cited for adopting a lower RV value (1.48 ± 0.06) in the case of SN
2006X (Wang et al., 2008). Goobar (2008) published simulations that yielded values from RV = 1.5
– 2.5, on the basis that lower values originate from the semi-diffusive propagation of the photons
near the location of the SN explosion. Eighty SNe Ia were observed with E(B – V) ≤ 0.7 mag. From
this study, an average reddening law of RV = 1.75 ± 0.27 was derived. Focusing on the 69 SNe with
color excess, E(B – V) < 0.25 mag, produced a total-to-selective ratio value of RV ∼ 1, signifying
the reddening in SNe Ia may be more complex than previously thought (Nobili and Goobar, 2008).
The selective extinction of SN 2007af determined from peak information (E(B – V) = 0.14 mag) fits
well under both color excess limits (Simon et al., 2007). In future work, more RV values need to be
considered in our light echo color analysis.
Patat (2005) proposed that LE luminosity is inversely proportional to SN-dust distance (d)
and directly proportional to the optical depth. The peak-to-echo magnitude relationship in the
single scattering approximation is shown in Equation 2.3. The multiple scattering approximation




) (0<τ ≤ 1) (2.3)
∆m ≈ −2.5log(0.3
d
e−τ ) (τ >1) (2.4)
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Peak magnitude extinction correction was performed using ratios of total-to-selective extinc-
tion of RV = 2.6 ± 0.1 and RI = 1.48 ± 0.1. The inner echoes have not been extinction corrected
because the dust associated with the outer echo would be the dominant cause of the extinction of
peak light. The optical depth was calculated using the ISM distances for the inner echo and outer
echo. The V optical depths are 0.15 and 0.01 for the outer and inner echoes, respectively. For I, the
values are 0.16 and 0.01. From the large dispersion in the values, it is clear that the dust sheet for
the inner echo must be optically thin. Because of the low optical depth, SN 2007af fits well within
the single scattering approximation.
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Figure 2.9: An example of the fit of our echoes in the F350LP filter. The top panel shows the count
contributions in our crowded field. The yellow diamonds are high points outside the outer echo that
have been omitted from the fit, the green line is the outer echo contribution, the orange line is the
inner echo contribution, and red is inner and outer echo combined. The bottom panel shows both
echoes, where the white circles are 50% contours of the outer echo. The axes for the top panel are
counts versus distance from the centers of the two echoes (pix), while the bottom panel’s axes are
pixel numbers from an arbitrary point on the CCD.
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Figure 2.10: The geometry of the dust that produced the inner echo (blue) and outer light echo
(orange) of SN 2007af (not to scale) in the backscattering, CSM scenario. This figure focuses on the
January F555W epoch of the light echo, with θIE = 0.12
′′, and θOE = 0.32
′′. The figure shows the
foreground dust sheet for the outer echo and a secondary dust sheet 0.43 pc behind the SN (shown
in yellow).
Figure 2.11: The geometry of the dust that produced the inner echo (blue) and outer light echo
(orange) of SN 2007af (not to scale) for the forward scattering, ISM scenario. The outer echo for
the January epoch (F555W) was created from a dust sheet 790 pc away from the SN, and the inner




SN 2006X was discovered on 2006 February 7.10 by Suzuki and Magliardi (2006) in Sbc




.90 (Figure 3.1). The host
galaxy distance is 15.2 Mpc, and the SN was located 12′′ W and 48′′ S of the center (Wang et al.,
2008). SN 2006X was spectroscopically classified as a redder SN 2002bo-like Type Ia supernova
(Benetti et al., 2004) discovered 1 – 2 weeks premaximum by Quimby et al. (2006). High Si II
(6355Å) levels were present in the spectra with a line velocity of 20,700 km s−1.
Figure 3.1: Discovery image of SN 2006X (above white hash) in host galaxy NGC 4321 (Suzuki and
Magliardi, 2006).
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3.1 Early Epoch Observations and Reductions
BV RI early epoch observations of SN 2006X (-11.27 d – +116.32 d) were reported in Wang
et al. (2008). Three telescopes were used for this survey: the 0.8m THCA-NAOC Telescope (TNT) at
Beijing Xinglong Observatory in China, the 0.76m Katzman Automatic Imaging Telescope (KAIT)
at Lick Observatory, and the 1.3m telescope at Cerro Tololo Inter-American Observatory (CTIO)
in Chile. The TNT observations were taken with a 1340 x 1300 pixel CCD with a field of view of
11.5′ x 11.2′ (0.52′′ pix−1). KAIT observations utilized an Apogee AP7 camera with a field of view
of 6.6′ x 6.6′ (0.79′′ pix−1). CTIO observations were obtained using ANDICAM, a dual-channel
optical/near-infrared camera, with an optical field of view of 6.3′ x 6.3′ (0.37′′ pix−1). Host galaxy
subtraction was performed from template images of NGC 4321 taken with KAIT and TNT taken
2007 March 14 and 16, one year after discovery, to minimize SN–galaxy light contamination for
early-epoch photometry. Magnitudes were obtained by performing PSF-fitting photometry on the
SN and standard stars using the IRAF DAOPHOT package and Landolt transformations (Landolt,
1992).
Polynomial fit to the B band light curve resulted in a maximum brightness of 15.40 ± 0.03
mag on 2006 February 19.93 ± 0.35 d. V peak of 14.04 ± 0.02 mag was reached on 2006 February
22.80 ± 0.29 d. At maximum light, B – V = 1.36 ± 0.04 mag. The I filter peaked at 13.29 ± 0.02
mag. Taking reddening into account, ∆m15(B) = 1.17 ± 0.05 mag. Twelve days after maximum B
– V = 1.83 ± 0.05 mag, which is much redder than typical SNe Ia with similar ∆m15(B) values,
suggesting significant line-of-sight reddening. See Tables 3.1 and 3.2 for photometry results from
this team.
BV observations of SN 2006X from the Carnegie Supernova Project (CSP) were also added
to the light curve (Contreras et al., 2010). Photometric monitoring was obtained at the Las Cam-
panas Observatory (LCO) in Chile. Follow-up observations were obtained with the SITe3 CCD
camera on the Swope 1m telescope. The du Pont Telescope was used for host galaxy template
observations taken at least a year after maximum for galaxy subtraction. Forty-one optical epoch
observations were taken as part of the survey (Table 3.3). The optical images were reduced with
IRAF using the CCDPROC task. Magnitudes were derived differentially with local stars on a
minimum of three photometric nights using Landolt standard stars (Landolt, 1992). Instrumental
magnitudes of local stars and the SN were obtained with PSF fitting.
37
Table 3.1: SN 2006X Early Epoch Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2453774.90 17.111 0.023 15.679 0.019 14.832 0.019 14.745 0.020
2453775.33 17.005 0.018 15.566 0.014 14.721 0.013 14.489 0.017
2453775.85 16.701 0.020 15.421 0.019 14.574 0.015 14.416 0.021
2453776.19 16.626 0.019 15.320 0.014 14.476 0.013 14.318 0.017
2453776.86 16.484 0.021 15.146 0.020 ... ... ... ...
2453776.96 16.386 0.054 15.154 0.018 14.327 0.021 14.150 0.024
2453777.38 16.297 0.015 15.012 0.014 14.207 0.012 13.925 0.016
2453778.38 16.060 0.018 14.797 0.015 14.032 0.013 13.731 0.017
2453778.75 15.994 0.019 14.813 0.018 14.043 0.014 13.781 0.022
2453779.80 15.778 0.020 14.545 0.020 ... ... ... ...
2453780.39 15.741 0.017 14.469 0.015 13.786 0.013 13.443 0.017
2453782.40 15.633 0.041 14.343 0.017 13.660 0.013 13.300 0.019
2453783.80 15.389 0.020 14.166 0.020 13.619 0.015 13.298 0.015
2453784.27 15.441 0.014 14.146 0.014 13.552 0.013 ... ...
2453784.76 15.406 0.020 14.178 0.020 13.586 0.015 13.297 0.015
2453785.25 15.431 0.015 14.094 0.014 13.521 0.013 13.283 0.016
2453786.19 15.407 0.014 14.059 0.014 13.499 0.012 13.290 0.016
2453787.78 15.418 0.028 14.070 0.023 13.518 0.015 13.354 0.015
2453787.84 15.466 0.015 14.068 0.017 13.524 0.013 13.409 0.018
2453788.27 15.441 0.014 14.024 0.014 13.477 0.012 13.323 0.016
2453788.82 15.494 0.015 14.054 0.020 13.513 0.014 13.412 0.022
2453789.25 15.499 0.014 14.013 0.014 13.476 0.013 13.338 0.016
2453789.85 15.553 0.015 14.063 0.017 13.526 0.015 13.444 0.018
2453790.23 15.542 0.014 14.025 0.014 13.507 0.012 13.376 0.016
2453790.78 15.585 0.032 14.111 0.020 13.570 0.015 13.468 0.015
2453790.83 15.618 0.015 14.062 0.014 13.543 0.041 13.496 0.030
2453792.23 15.685 0.014 14.063 0.014 13.579 0.012 13.461 0.016
2453793.23 15.771 0.016 14.085 0.014 13.620 0.013 13.508 0.017
2453793.83 15.805 0.020 14.126 0.018 13.712 0.015 13.645 0.015
2453795.34 15.943 0.015 14.186 0.014 13.784 0.012 13.643 0.016
2453797.39 16.136 0.015 14.335 0.014 13.949 0.013 13.749 0.017
2453799.39 16.338 0.015 14.428 0.014 14.040 0.013 13.757 0.017
2453799.74 16.473 0.031 14.488 0.041 14.048 0.015 13.938 0.023
2453800.32 16.462 0.016 14.516 0.014 14.078 0.012 13.742 0.016
2453801.22 16.562 0.016 14.562 0.014 14.083 0.012 13.729 0.016
2453802.23 16.654 0.019 14.610 0.015 14.082 0.013 ... ...
2453802.73 16.790 0.020 14.682 0.017 14.103 0.015 13.864 0.015
2453803.22 16.760 0.018 14.631 0.014 14.084 0.013 13.661 0.017
2453806.16 17.240 0.045 14.777 0.016 14.096 0.013 13.603 0.017
2453806.74 17.303 0.030 14.899 0.020 14.138 0.015 13.740 0.015
2453808.25 17.243 0.095 14.821 0.017 ... ... 13.575 0.018
2453810.31 17.506 0.104 14.930 0.020 14.135 0.015 ... ...
2453810.70 17.743 0.108 15.045 0.018 14.200 0.015 13.650 0.015
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Table 3.2: SN 2006X Early Epoch Optical Observations Continued
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2453813.23 17.697 0.024 15.120 0.014 14.214 0.012 13.518 0.016
2453813.82 17.729 0.042 15.221 0.017 14.313 0.014 13.603 0.018
2453814.71 17.945 0.054 15.388 0.015 14.433 0.015 13.709 0.015
2453815.24 17.884 0.022 15.245 0.014 14.350 0.013 13.566 0.018
2453816.80 17.878 0.039 15.454 0.016 14.538 0.015 13.792 0.025
2453817.19 17.948 0.018 15.432 0.014 14.510 0.012 13.741 0.016
2453818.15 18.030 0.023 15.509 0.014 14.588 0.013 13.818 0.016
2453818.72 18.091 0.033 15.607 0.033 14.722 0.015 13.976 0.015
2453820.17 18.166 0.020 15.631 0.014 14.735 0.012 13.976 0.016
2453821.77 99.999 9.999 15.749 0.017 14.871 0.030 14.170 0.043
2453823.20 18.132 0.035 15.769 0.015 14.884 0.013 14.156 0.016
2453824.16 18.188 0.029 15.814 0.015 14.949 0.013 14.215 0.016
2453824.77 18.206 0.030 15.923 0.042 15.116 0.015 14.371 0.011
2453825.10 18.278 0.052 15.839 0.017 14.987 0.013 14.265 0.017
2453827.18 18.306 0.043 15.885 0.016 15.091 0.013 14.377 0.017
2453828.20 18.261 0.028 15.922 0.015 15.088 0.013 14.429 0.017
2453829.25 18.210 0.110 15.984 0.034 15.153 0.014 14.475 0.018
2453830.15 18.287 0.027 15.997 0.015 15.171 0.013 14.516 0.016
2453833.24 18.315 0.043 16.080 0.017 15.285 0.013 14.651 0.017
2453836.60 18.471 0.086 16.288 0.025 15.445 0.022 14.913 0.053
2453838.14 ... ... ... ... 15.382 0.037 14.824 0.027
2453841.65 18.523 0.053 16.440 0.014 15.689 0.013 15.176 0.010
2453843.72 18.443 0.054 16.386 0.019 15.670 0.015 15.173 0.028
2453845.13 18.487 0.023 16.440 0.015 15.695 0.013 15.171 0.017
2453846.63 18.444 0.032 16.541 0.014 15.771 0.013 15.299 0.015
2453850.19 18.492 0.062 16.538 0.023 15.826 0.015 15.300 0.022
2453852.65 18.519 0.041 16.699 0.019 15.947 0.015 15.576 0.018
2453852.68 18.506 0.070 16.645 0.018 15.949 0.013 15.514 0.021
2453854.08 18.555 0.038 16.670 0.018 16.015 0.014 15.561 0.018
2453858.62 18.599 0.040 16.868 0.033 ... ... ... ...
2453859.04 18.598 0.064 16.780 0.025 16.139 0.016 15.748 0.020
2453864.66 18.818 0.105 16.962 0.054 ... ... ... ...
2453866.07 18.589 0.229 16.931 0.053 16.368 0.023 15.978 0.024
2453870.07 18.622 0.061 17.091 0.024 16.488 0.016 16.096 0.020
2453873.58 18.662 0.023 17.249 0.011 ... ... ... ...
2453879.16 18.719 0.147 17.314 0.043 16.721 0.026 16.494 0.040
2453881.60 18.773 0.020 17.419 0.010 ... ... ... ...
2453884.16 18.719 0.147 17.314 0.043 16.721 0.026 16.494 0.040
2453894.08 19.025 0.179 17.643 0.032 17.279 0.023 16.878 0.041
2453901.08 18.886 0.054 17.789 0.029 17.462 0.023 17.064 0.045
2453903.03 19.033 0.199 17.969 0.028 17.527 0.016 17.383 0.021
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Table 3.3: CSP Early Epoch Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag)
2453775.69 16.690 0.007 15.487 0.005
2453778.86 15.895 0.007 14.796 0.006
2453780.87 15.598 0.009 14.514 0.006
2453783.73 15.396 0.007 14.263 0.006
2453784.83 15.366 0.007 14.207 0.006
2453785.80 15.352 0.008 14.171 0.008
2453786.83 15.349 0.006 14.138 0.006
2453788.84 15.406 0.007 14.111 0.006
2453790.81 15.495 0.007 14.113 0.006
2453795.78 15.891 0.006 14.326 0.004
2453798.81 16.212 0.007 14.544 0.006
2453799.80 16.308 0.006 14.609 0.004
2453802.78 16.636 0.008 14.776 0.006
2453804.77 16.837 0.008 14.863 0.006
2453805.73 16.925 0.011 14.911 0.006
2453809.75 17.249 0.023 15.094 0.008
2453815.73 17.723 0.014 15.481 0.007
2453818.78 17.894 0.015 15.712 0.007
2453819.75 17.960 0.013 15.777 0.008
2453824.76 18.099 0.013 15.981 0.006
2453831.72 18.181 0.014 16.206 0.009
2453832.77 18.207 0.013 16.235 0.007
2453835.66 18.237 0.016 16.319 0.007
2453838.71 18.260 0.041 16.411 0.008
2453841.72 18.335 0.022 16.496 0.009
2453845.65 18.296 0.014 16.560 0.007
2453850.66 18.360 0.014 16.704 0.006
2453853.66 18.405 0.013 16.795 0.007
2453858.61 18.486 0.026 16.920 0.009
2453862.68 18.499 0.021 17.018 0.009
2453866.61 18.480 0.023 17.108 0.009
2453870.65 18.602 0.034 17.217 0.009
2453872.64 18.604 0.018 17.251 0.010
2453886.56 18.812 0.009 17.614 0.007
2453890.60 18.892 0.024 17.656 0.010
2453891.60 18.862 0.025 17.693 0.011
2453893.56 18.922 0.017 17.742 0.007
2453894.58 18.879 0.027 17.767 0.009
2453897.55 18.942 0.016 17.816 0.007
2453898.56 18.960 0.016 17.837 0.008
2453906.46 19.194 0.021 17.975 0.013
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Lastly, we use BV observations performed on 24 photometric nights (-10 d – +91d) taken
from Yamanaka et al. (2009) for completing the light curve of SN 2006X (Table 3.4). Two telescopes
were used for this monitoring: the 0.6m reflector equipped with an ST-9 imager at Nishi-Harima
Astronomical Observatory (NHAO) and the 0.51m telescope equipped with a CCD camera at Osaka
Kyoiku University (OKU). Data reduction was performed using standard IRAF procedures, and
magnitudes were determined from aperture photometry. Color excesses of E(B – V ) = 1.26 ± 0.17
mag, E(V – R) = 0.64 ± 0.13 mag, and E(V – I) = 1.23 ± 0.26 mag were determined.
Table 3.4: Early Epoch Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag)
2453777.61 16.03 0.13 14.88 0.03
2453778.65 15.54 0.13 14.61 0.01
2453783.61 15.39 0.02 14.16 0.01
2453787.65 15.32 0.09 13.96 0.02
2453790.66 15.54 0.05 14.04 0.01
2453792.73 ... ... 14.03 0.01
2453793.65 15.71 0.09 14.13 0.02
2453793.77 ... ... 14.29 0.01
2453796.72 16.06 0.08 14.34 0.02
2453800.80 16.43 0.02 14.64 0.01
2453801.56 16.44 0.08 14.64 0.04
2453801.61 ... ... 14.65 0.05
2453802.76 16.52 0.17 14.72 0.01
2453811.62 ... ... 15.02 0.04
2453813.81 ... ... 15.21 0.02
2453814.62 ... ... 15.24 0.06
2453818.64 ... ... 15.52 0.04
2453825.61 ... ... 15.88 0.10
2453828.58 ... ... 15.93 0.09
2453828.71 ... ... 15.96 0.04
2453832.63 ... ... 15.98 0.06
2453850.54 ... ... 16.65 0.05
2453876.62 ... ... 17.29 0.15
3.2 HST Observations
NGC 4321 was extensively observed for a variety of reasons with the Hubble Space Telescope,
providing ample pre- and post-explosion images. SN 2006X featured an extended tail inB, suggesting
the presence of an echo, which was discovered and further monitored in multiple observing programs
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(GO 10991 and GO 11171: P.I. Arlin Crotts). These programs included three epochs of SN 2006X
(+87d, +304d, and +680d). The first epoch images were taken on 2006 May 21 with short exposures
to avoid SN saturation. The Advanced Camera for Surveys High Resolution Channel (ACS HRC)
observed 1480s in F435W, 1080s in F555W, and 1080s in F775W. On 2006 December 24, 920s
in F435W, 520s in F555W, and 520s in F775W were observed. The last epoch occurred on 2008
January 4, and the Wide Field Planetary Camera 2 (WFPC2) was used for these observations. 1000s
in F380W, 1000s in F439W, 2000s in F555W, 1000s in F702W, and 1000s in F791W were imaged.
The closest available bands were chosen at each epoch of observation for comparison.
Standard HST pipeline procedures processed and reduced the images. After a proprietary
period, these images became publicly available on the MAST archive.
3.2.1 Light Echo Observations
Two teams reported on the light echo observed in SN 2006X (Wang et al., 2008; Crotts
and Yourdon, 2008). Searching the MAST archive revealed images from 2009 November 12 – 13
of SN 2006X. 270s of F775W (SDSS i′), 970s of F475W (SDSS g′) and 970s of F555W (wide V )
were observed as part of HST program 11646; P.I. A. Crotts. Surprisingly, this observing program
(which also provided some of the observations for SN 1998bu, which I will discuss in Chapter 4), was
entitled “Light Echoes as Probes of Supernova Type Ia Environments,” but the results were never
published. The light echo is located ∼1′′ from the published SN position. No efforts to improve the
WCS on the images were undertaken.
3.2.2 Light Echo Magnitudes
The magnitudes of SN 2006X from the HST ACS images from Wang et al. (2008) (W08)
were measured using both the Dolphot method (Dolphin, 2000) and Sirianni procedure (Sirianni
et al., 2005). For the values quoted in Table 3.5 in the 308d epoch, the method used for magnitude
determination was PSF subtraction (2 – 10 pixels), where the error listed is from the scatter of the
stellar PSF. At least one bright, unsaturated stellar source was included in the Crotts and Yourdon
(2008) observations for PSF comparison for magnitude determination.
For the photometry of the 2009 observations of SN 2006X, we first searched the literature
for suitable standard stars in our field of view, but did not find any candidates. Since the light
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Figure 3.2: The color composite image of NGC 4321 (left panel) and 0.5′′ x 0.5′′ close up of the
light echo (right panel). The green arrow points to the SN location (green circle) in the host galaxy
image.
echo appeared as an extended object, we chose to perform aperture photometry using DAOPHOT
in IRAF. Using DAOfind (see Figure 3.3), the coordinates of stellar sources were written out to a
file (.coo.1). Since HST produces very deep and detailed images, hundreds of sources were found
in each image. We manually compared the coordinates of suitable stellar sources in our images
(determined with IMEXAMINE) with the entries in the coordinate file to produce a final coordinate
file (Figure 3.4). The last line shows the x and y coordinates (in pixels) of the echo location. The
same coordinate file was used for all three photometry calibrations.
Afterward, aperture photometry was performed using the task PHOT with various aperture
sizes. The background counts were characterized from this analysis and subtracted from the counts
inside the aperture (flux = sum - area*msky), where sum is the total number of counts including
background in the aperture, area is the area of the aperture in square pixels, and msky is the back-
ground estimate (per pixel). The counts were converted to VEGA magnitudes using the appropriate
VEGA zeropoints from the WFC3 Instrument Manual (in the same manner as mentioned in the
previous chapter). The VEGA magnitude zeropoint values (VEGAzpt) used in our conversions were
25.778 mag for F475W, 25.816 mag for F555W, and 24.474 mag for F775W. We used Equation 3.1
for our magnitude determination since the magnitude calculation in the .mag files includes an extra
factor of 2.5log(exptime), which has already been accounted for in the HST calibrations. This pro-
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Figure 3.3: Running DAOfind on the F475W observation of SN 2006X. This produces a file with
the coordinates of all the stellar sources in the image.
Figure 3.4: An excerpt from the coordinate file of stellar sources used in the magnitude determination
of the light echo in all three filters.
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cedure was also used for SN 1998bu and SN 2009ig. Table 3.5 shows the multi-epoch comparisons
of the light echo magnitudes among the three teams. Epochs are relative to B-band maximum.
− 2.5log(flux) + V EGAzpt (3.1)
Figure 3.5: An excerpt from the photometry file for the F475W band image of SN 2006X. Note, we
only used the flux values listed for our photometry determinations, not the magnitude.
Table 3.5: Light Echo Photometry Comparisons
Epoch (days past maximum) F475W (mag) F555W (mag) F775W (mag)
308 22.7 ± 0.1 21.9 ± 0.3 22.1 ± 0.9
683 ... 22.0 ± 0.1 ...
1362 22.3 ± 0.1 21.9 ± 0.1 21.7 ± 0.1
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3.2.3 Light Curve
Figure 3.6 shows the BV RI light curves of SN 2006X including early- and late-epoch light
echo observations plotted over normal SN 1992A (dashed line) (Suntzeff, 1996). Our 2009 HST
images are labeled with filled blue (F475W), black (F555W), and red diamonds (F775W). The
W08 and Crotts and Yourdon (2008) echo observations are shown in filled circles. Early SN 2006X
observerations, taken from the literature, complete the light curve: Wang et al. (2008) (BV RI-open
triangles), Contreras et al. (2010) (BV -open diamonds), and Yamanaka et al. (2009) (BV -open
squares).
Unlike SN 2007af, the SN 1992A template required significant manipulation to fit the light
curves. This is due to the highly reddened nature of the supernova. W08 reported the E(B – V )host
= 1.42 ± 0.04 mag using an abnormal dust law of RV = 1.48 ± 0.06. The light curve shows the
plateau in the magnitudes in BV I attributed to the light echo. The data points at ∼300 days past
maximum from W08 are the light echo values and not the SN emission magnitudes. Those were
emitted from the light curve to eliminate confusion.
3.3 Light Echo Geometry
The light echo from SN 2006X was analyzed at three epochs, which allows for more detailed
analysis. Comparisons can be made between dust sheet distance derivations. Most importantly, the
evolution of the size of the echo can be investigated. In this section, we compare and contrast the
findings of the three teams in relations to the angular size and geometry of the echoes.
3.3.1 Angular Size and Dust Sheet Distance
The angular size of the light echo from SN 2006X at an epoch of 308d past maximum was
determined by W08 using the analysis of the radial profile and the PSF subtracted image. A ring
of size ∼0.08′′ with possible width of ∼0.03′′ was found. This team proposed a CSM component
from a possible emission within 2.0 pixels and extending upwards to 5 pixels. Using ct = 0.27 pc, a
distance between the dust sheet and the SN was determined to be ∼27 – 170 pc.
On the contrary, Crotts and Yourdon (2008) found no evidence of a CSM component in
their observations 680d past maximum. They subtracted a point source from the images, which left
a circular residual (light echo). The pixel brightness increased from the SN location out to a radius
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Figure 3.6: Early (lower panel)- and complete (upper panel) BV RI light curves of SN 2006X plotted
over normal SN 1992A (dashed line) (Suntzeff, 1996). The 2009 HST images are labeled with filled
blue (F475W), black (F555W), and red (F775W) diamonds. The earlier epoch light echo observations
are distinguished by filled circles (Wang et al., 2008; Crotts and Yourdon, 2008). The W08 light
echo observation is plotted in place of the SN observation at the same epoch. Early SN 2006X
observations were taken from the literature: Wang et al. (2008) (BV RI-open triangles), Contreras
et al. (2010) (BV -open diamonds), and Yamanaka et al. (2009) (BV -open squares).
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of 0.075′′. To determine the angular radius of the light echo, they convolved a infinitesimally thin
annular ring of constant radius with the PSF and subtracted it from the image. This resulted in a
ring radius of 1.65 ± 0.1 pixels = 0.075′′ ± 0.005 (see Figure 3.7). From this geometry, a dust sheet
distance of 26.3 pc was determined. Note, this is a significantly different method of measuring the
angular size than our and the W08 analyses. Thus, those results feature a smaller angular size and
distance.
Figure 3.7: The WFPC2 PC image of the light echo of SN 2006X at 680d past maximum (Crotts
and Yourdon, 2008). This image is 4000s of exposure, summing the median-summed images from
the F555W, F702W, and F791W filters. The echo ring extends to 11 pc in diameter.
For the 2009 images of the light echo (t > 5yrs past maximum), we utilized IMEXAMINE
in IRAF to estimate the angular size (see Figure 3.8). Then, we adjusted the green circular region
using the analysis software Chandra Interactive Analysis of Observations (CIAO) (Fruscione et al.,
2006) and ds9 to determine the angular extent of the echo. This was done with care to not include
the artifact on the bottom left. The size of the light echo was constant in each filter. The echoes
showed remarkable similarity in the F475W and F555W filters, while the F775W filter showed more
structure (Figure 3.9). The angular size comparisons are in Table 3.6. Note the θ(′′)* refers to
the PSF subtracted angular size of the echo. Figure 3.10 shows the growth of the echo over time,
which is consistent with the model. As mentioned above, the middle data point from Crotts and
Yourdon (2008) was determined using a different method and has only been included on the plot for
completeness.
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Using a distance of 15.2 Mpc to NGC 4321, ct = 1.14 pc, and Equation 2.1, the distance
between the dust sheet and SN was determined. The average distance determined was 80 ± 5pc.
The dust sheet distance comparisons are listed in Table 3.7. The geometry of the echo can be seen
in Figure 3.11.
Figure 3.8: The surface plot of the SN 2006X light echo in 2009 from the IRAF package IMEXAM-
INE.
Figure 3.9: The light echo in F475W (left panel), F555W (middle panel), and F775W (right panel).
Visually, the light echo in the first two filters are similar, while the F775W image has a defined ring
structure. The artifact in the bottom left edge of the echo is present in each filter.
3.4 Dust Analysis
SN 2006X was extremely reddened at peak, and an abnormal dust was considered to describe
the color. Using peak information from Wang et al. (2008), RV = AV /E(B – V), and E(λ – V ) =
Aλ – AV , the extinction laws for B, V , and I were found and are listed in Table 3.8. ∆mobs refers to
the light echo-peak magnitude difference, and ∆mcorr is the echo–peak magnitude corrected using
∆mcorr = ∆mobs + Aλ.
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Table 3.6: Angular Size Comparisons
Filter R(pix) θ(′′) θ(′′)* t(yrs)
F435W, F555W, F775W 2 – 5 ... 0.05 – 0.13 0.84
F555W 1.65 ... 0.075 ± 0.005 1.87
F475W 6.08 0.24 ± 0.01 0.19 ± 0.01 3.73
F555W 6.17 0.24 ± 0.01 0.19 ± 0.01 3.73
F775W 5.54 0.22 ± 0.01 0.17 ± 0.01 3.73
Table 3.7: Dust Sheet Distances
Filter t(yrs) d(pc)
F435W, F555W, F775W 0.84 ∼27 – 170
F555W 1.87 26.3 ± 3.2
F475W 3.73 85.4 ± 9.6
F555W 3.73 85.4 ± 9.6
F775W 3.73 68.3 ± 8.3
Figure 3.10: The angular size of the light echo from SN 2006X is plotted versus time and shows the
agreement of the angular sizes to the model. The two curves represent the upper and lower limits of
the dust distance derive from our analysis. The middle point refers to the Crotts and Yourdon (2008)
angular size, which was determined by a different method than the other two. We only include this
observation for completeness and comparison.
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Figure 3.11: At nearly four years after the explosion of the SN, the distance between the dust and
SN 2006X is estimated to be 80 pc (not to scale). Following the same labeling convention, the orange
coloring refers to the intersection of the dust sheet with the time paraboloid that created the light
echo seen at this epoch.
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3.4.1 Optical Depth
Optical depths were calculated using the corrected change in magnitude and the distance
between the dust sheet and the SN. Due to the highly reddened nature of the SN at peak, both
single (τss) and multiple scattering (τms) were used in this analysis. For single scattering, optical




utilized with the values in Table 3.9. The last column refers to the total optical depth (scattering
and absorption included) in each wavelength calculated from Aλ = 1.086τλ.
Table 3.8: Observed and Corrected Peak-Echo Magnitudes
Filter ∆mobs (mag) Aλ ∆mcorr
B 6.90 ± 0.10 3.52 10.42 ± 0.10
V 7.86 ± 0.10 2.10 9.96 ± 0.10
I 8.41 ± 0.10 0.84 9.25 ± 0.10
Table 3.9: Optical Depth of Dust
Filter τss τms τ
Tot
λ
F475W 0.11 3.86 3.24
F555W 0.07 2.21 1.93
F775W 0.16 1.82 0.77
3.4.2 Light Echo Color
For our light echo color analysis, we expanded on the Patat (2005) model to predict the
light echo colors in HST filters for various scattering angles. This was the same method used for
the light echo color predictions in SN 2007af (Drozdov et al., 2014). We will describe the code in
detail in this subsection.
The inputs of the code are the transmission filter throughputs, the peak SN spectrum, a
comparison spectrum (we used the standard star, Vega), and dust cross-sections for various dust
types and scattering angles (Draine, 2003). To output a color inHST filters, the specific transmission
functions were utilized (obtained from the appropriate instrument handbook). These filter response
functions describe the percent of photons that pass through the filter at those wavelengths, and we
show the curves for the WFC3 F475W (blue), F555W (green), and F775W (red) filters overplotted
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on the normalized peak SN 2006X spectrum in Figure 3.12. Since the HST filters are wider than
standard filters, this method provides much more accurate colors for HST observations than the
method outlined in (Patat, 2005).
The SN 2006X peak spectrum was downloaded from the Asiago Supernova Catalogue taken
only +2 days after maximum light (2006 February 21) and covered a wavelength range from 3293 –
10535Å(Barbon et al., 1999). The spectrum was obtained on the Lick Shane 3.0-m telescope using
the Kast Double Spectrograph and Camera on 2006 February 21 at Lick Observatory (W08). For
the code to produce a theoretical color for the echo, the peak spectrum had to cover the wavelength
range of the transmission throughputs. In the case of SN 2006X, that meant a spectrum with a
range of at least 3900 – 8600Å. The filter responses, peak, and Vega spectrum were all interpolated
to create smooth curves on the same grid. As is clear from Figure 3.12, the transmission curves
poorly fit the spectrum at bluer wavelengths. In particular, the F475W (blue) and F555W (green)
transmission curves cover a wavelength range filled with broad absorption features. Note that we
also ran the code with a spectrum taken on the day of maximum brightness (with shorter wavelength
range), but the results did not change significantly (<0.01 mag).
The transmission filter responses are folded into the Vega and SN peak light spectra in
whichever filter is chosen for the color. The SN spectrum is then scattered using 0◦, 90◦, and 180◦
dust cross-sections (σ) from Draine (2003) and integrated over all wavelengths. The cross sections
vary for the different dust types, and we use LMC (RV = 2.6), SMC Bar (RV = 2.87), and MW
(RV = 3.1) dust in our analysis. The SN peak spectrum is weighted by the flash durations (∆t)
of the filters chosen and corresponds to the span of time (in the respective filter) on both sides of
maximum light for the light curve for the SN to decline by one magnitude. Since the explosion of a
SN is not a delta function, we must characterize the width of the light curve at peak to accurately
predict the light echo color, and thus, we need to scale the SN spectrum by the flash duration. The
flash durations of SN 2006X in each filter were estimated using the light curve and photometric
observations listed in Wang et al. (2008). SN 2006X was a broad SN, and the flash durations are
as follows: 22.4 days (0.061 yr) in B, 33.3 days (0.091 yr) in V , and 47.3 days (0.130 yr) in I. The
theoretical light echo colors were determined by comparing the SN scattered spectrum weighted with
the flash durations in each filter with the Vega scattered spectrum and summing over all wavelengths.
Then, we simply calculate the colors by taking -2.5*log of each sum. The echo colors were calculated
with Equation 3.2, where B and V can be substituted for any desired HST or standard filter.
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Figure 3.12: The normalized SN 2006X spectrum is shown (black line) with the HST filter trans-
mission curves (from the WFC3 instrument handbook) superimposed (Barbon et al., 1999). The
F475W (blue), F555W (green), and F775W (red) filter responses cover a regime with large ab-
sorption features, especially in the bluer filters, which translated in a color not replicable by the
code.
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The peak colors in HST filters are also predicted in our code using the same method without
scattering the SN spectrum and scaling by the flash durations.


















Table 3.10 reports the color evolution of SN 2006X in B – V and V – I from peak light,
12 days after peak (Wang et al., 2008), to light echo epochs in F475W – F555W and F555W –
F775W (W08) in sequential order. As is evident by the values, SN 2006X had an extreme color at
peak due to line-of-sight reddening. In the last two rows of the table, we compare light echo colors
from our analysis to the photometry from W08. Although, the same HST filters were used in both
campaigns, the magnitudes are quite different, yet consistent within the extreme uncertainty limits
of W08.
Table 3.10: SN 2006X Color Evolution
Observed Observed
Epoch (B – V ) (mag) (V – I) (mag)
Peak 1.36 ± 0.03 0.75 ± 0.03
12d 1.83 ± 0.05 0.60 ± 0.04
Light EchoW08 0.80 ± 0.30 -0.20 ± 0.90
Light Echo 0.40 ± 0.14 0.20 ± 0.14
Tables 3.11 and 3.12 show the results of folding the respective filters into the scattered peak
spectrum of SN 2006X and comparing to the Vega spectrum. In the tables, the observed peak
color (at the same +2d epoch as the spectrum) from Wang et al. (2008) is first compared to the
predicted peak color (model) using Equation 3.3. Then, the observed light echo color is shown and
compared to the results using 0◦, 90◦, and 180◦ single scattering. The F475W – F555W peak and
light echo predictions poorly match the observed values. From the spectrum itself, the large number
of broad absorption features at lower wavelengths have a drastic impact on the code and cause the
large dispersion between the observed and predicted values. Although the peak and light echo color
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was not replicable by our analysis, Table 3.13 shows the large magnitude differences between the
B and F475W and V and F555W filters, respectively. Thus, perhaps the dispersion between the
theoretical and observed values can be explained by the different filter responses between ground-
and space-based observations.
Table 3.11: F475W – F555W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed B – V = 1.35 ± 0.04 Model F475W – F555W = 0.600
Light Echo Color 0.4 ± 0.1
0◦ Predictions 0.806 0.790 0.786
90◦ Predictions 0.928 0.899 0.957
180◦ Predictions 0.778 0.830 0.889
While the observed and theoretical B – V color agreed poorly, the same pattern does not
hold for the results for V – I. Again, if we look at the peak SN 2006X spectrum, the filter responses
are a better fit at redder wavelengths. The theoretical peak colors match the observations exactly,
and even the theoretical scattering predictions matches the light echo color of 0.2 ± 0.1 mag. In the
single scattering scenario, the light echo color is consistent with 0◦ scattering. Since the different
dust types produce virtually the same color, we cannot discriminate between them.
Table 3.12: F555W – F775W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed V – I = 0.72 ± 0.03 Model F555W – F775W = 0.750
Light Echo Color 0.2 ± 0.1
0◦ Predictions 0.208 0.209 0.209
90◦ Predictions 0.811 0.713 0.867
180◦ Predictions 0.688 0.698 0.910
Table 3.13 compares the HST and standard Bessell filters to show the magnitude difference
between the ground and space standard filters for SN 2006X. Using the same code, we simply
substitute B and V with Bessell and equivalent HST filters in the color equation (Equation 3.2),
respectively. Here, we do not scale the SN spectrum by the flash duration, since they are assumed
to be the same for these cases. The peak and scattering predictions are reported and show the
large differences (∼0.4 mag in some cases) between the filters, illustrating the significant impact of
a highly reddened SN. Again, we see the same pattern that the redder filters show much smaller
differences between standard and HST filters, but even in the F775W filter, the peak magnitude
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difference between the filters is 0.2 mag. In the future, not only must the code be amended to take
extinction into account, but multiple scattering must also be considered. Since the reddening (as
reported from peak information) is such a large value, the probability of the light being scattered
multiple times before reaching the observer is a highly likely scenario and must be included.
Table 3.13: HST vs. Bessell Filters
Filter Names Scattering Angle Peak (mag) RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
B – F475W 0◦ 0.456 0.283 0.261 0.260
B – F475W 90◦ 0.456 0.370 0.341 0.389
B – F475W 180◦ 0.456 0.167 0.232 0.275
V – F555W 0◦ -0.280 -0.225 -0.218 -0.217
V – F555W 90◦ -0.280 -0.257 -0.249 -0.264
V – F555W 180◦ -0.280 -0.188 -0.215 -0.232
I – F775W 0◦ -0.198 0.007 0.002 -0.006
I – F775W 90◦ -0.198 -0.128 -0.110 -0.122
I – F775W 180◦ -0.198 -0.172 -0.138 -0.167
While there is only a ∼0.1 mag difference between the different dust types, lower RV values
do seem to fit the observed values better. This is consistent with the findings of Wang et al. (2008),
which report a value of RV = 1.5. For future work, we will need to consider these extreme dust




SN 1998bu was discovered by Villi et al. (1998) on 1998 May 9.9, located 60′′ north of the
center of NGC 3368 (M96). Images taken April 21.9 did not show the supernova, constraining the




.10 was determined by
M. Aoki using a 0.43-m reflector. The position of the SN was 4′′.3 east and 55′′.3 north of the center
of the host galaxy. The distance to host galaxy is D = 10.5 Mpc (Lee and Jang, 2013). SN 1998bu
was one of the first Type Ia supernovae to be extensively monitored in UBV RIJHK due to its early
detection and close proximity. Before SN 1998bu, only four SNe Ia had both Cepheid distances and
extensive light curves, which made SN 1998bu a major event in the study of supernovae.
Figure 4.1: Discovery image of SN 1998bu in M96 taken on May 9th, 1998 (Villi et al., 1998).
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4.1 Early Observations
The first optical campaign of SN 1998bu reported was from Suntzeff et al. (1999). Munari
et al. (1998) obtained an echelle spectrum on May 12 that indicated some reddening from the strong
Na I D interstellar absorption feature. The optical observations of SN 1998bu were first obtained
with the Tek2048 No. 3 CCD on the 0.9-m telescope at CTIO on 1998 May 16 through July 14.
Weather was not ideal during these observations due to the 1998 El Niño weather at the time,
which resulted in time loss and poor seeing. The CCD used was a thinned, anti-reflection coated
front-side illuminated CCD with a plate scale of 0′′.40 per pixel. Standard procedures were used to
reduce the images. Bad pixel masks were created during observing to use during reductions. The
CCD images were processed through DAOPHOT and ALLSTAR. Aperture photometry using an
aperture diameter of 14 pixels was performed using DAOGROW with Landolt field stars (Landolt,
1992). Local standards were measured on 11 photometric nights. Since this data was reported early,
no subtraction images were available, but the errors assuming a uniform galaxy brightness at the
position of the SN were small. B maximum occurred ∼1–2 days before V and R maximum, while I
maximum occurred before U maximum. Table 4.1 shows the summary of observations from Suntzeff
et al. (1999).
Numerous (356) photometric measurements and 29 spectra of SN 1998bu were compiled by
Jha et al. (1999) between 1998 May 11 and July 15 (see Tables 4.2 and 4.3). B maximum occurred
on 1998 May 19.3 (JD 2450952.8 ± 0.8) at 12.22 ± 0.03 mag. The value of V maximum was 11.88 ±
0.02 mag. The measured extinction toward the supernova was AV = 0.94 ± 0.15 mag. Spectra taken
by Meikle and Hernandez (2000) on May 12.9 and Ayani et al. (1998) on May 14.5 classified the
object as a Type Ia supernova discovered a week before maximum light. SN 1998bu was a fortuitous
discovery of a SN whose host galaxy Cepheid distance was already measured with HST , and thus,
it was extensively monitored.
Using the Center for Astrophysics resources, SN 1998bu was monitored with the F. L. Whip-
ple Observatory 1.5-m Tillinghast reflector, FAST spectrograph, and photometrically with the F. L.
Whipple Observatory 1.2-m reflector in optical and near-infrared wavelengths using STELIRCAM.
Most of the optical photometric observations were obtained with the f/8 Cassegrain focus 1.2-m
telescope + 4Shooter CCD mosaic camera, which consists of a 2 x 2 array of back-side illuminated,
anti-reflective coated Loral CCD detectors. The plate scale of 0′′.335 resulted in a total sky coverage
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Table 4.1: SN 1998bu Early Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2450947.59 12.434 0.005 12.183 0.005 11.862 0.006 11.696 0.007
2450948.56 12.353 0.008 12.092 0.004 11.807 0.005 11.662 0.005
2450949.55 12.299 0.010 12.024 0.005 11.774 0.007 11.667 0.007
2450950.58 12.241 0.007 11.960 0.003 11.747 0.007 11.667 0.010
2450951.55 12.218 0.004 11.926 0.003 11.735 0.007 11.689 0.006
2450951.53 12.207 0.004 11.921 0.003 11.729 0.005 11.686 0.004
2450953.48 12.202 0.006 11.880 0.004 11.701 0.006 11.718 0.006
2450954.53 12.232 0.019 11.903 0.008 11.716 0.029 11.747 0.045
2450957.52 ... ... ... ... ... ... 11.815 0.015
2450959.47 12.450 0.016 11.998 0.009 11.855 0.017 11.982 0.019
2450960.46 ... 12.075 0.006 11.959 0.015 12.087 0.007
2450964.45 12.872 0.009 12.323 0.006 12.279 0.007 12.349 0.017
2450965.50 12.972 0.011 12.390 0.006 12.346 0.008 12.380 0.009
2450968.46 13.316 0.012 12.570 0.009 12.432 0.013 12.341 0.015
2450971.46 ... ... 12.711 0.007 12.453 0.008 12.286 0.008
2450972.50 ... ... 12.751 0.004 12.450 0.006 12.242 0.007
2450975.48 ... ... 12.919 0.004 12.487 0.006 12.181 0.005
2450978.49 ... ... 13.071 0.005 12.551 0.007 12.124 0.007
2450983.47 14.825 0.011 13.426 0.009 12.861 0.024 12.298 0.009
2450984.48 14.869 0.011 13.505 0.007 12.938 0.007 12.374 0.008
2450987.52 15.010 0.019 13.679 0.010 13.153 0.019 12.562 0.018
2450988.45 15.069 0.008 13.725 0.004 13.208 0.007 12.696 0.006
2450997.48 15.291 0.015 14.041 0.006 13.608 0.008 13.214 0.010
2450997.50 15.315 0.015 14.051 0.006 13.612 0.007 13.214 0.007
2450998.46 15.326 0.007 14.071 0.004 13.637 0.004 13.263 0.006
2450999.48 15.346 0.007 14.102 0.004 13.684 0.005 13.320 0.006
24501000.48 15.345 0.014 14.121 0.007 13.713 0.009 13.356 0.009
24501002.47 15.383 0.014 14.189 0.007 13.785 0.008 13.461 0.008
24501003.50 15.404 0.015 14.200 0.007 13.810 0.009 13.521 0.008
24501004.46 15.410 0.014 14.222 0.008 13.839 0.010 13.562 0.009
24501005.45 15.436 0.014 14.257 0.008 13.884 0.010 13.607 0.010
24501006.46 15.444 0.014 14.285 0.007 13.910 0.009 13.654 0.008
24501007.45 15.467 0.013 14.321 0.006 13.953 0.008 13.700 0.007
24501008.45 15.486 0.013 14.349 0.007 13.984 0.007 13.762 0.011
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of 0.15 deg2. The observations were taken in a 2 x 2 binned mode and had a typical seeing of
1′′.5 – 2′′. More optical observations were obtained by various telescopes and instruments including
KPNO telescopes and KAIT. The observations were reduced using standard procedures in the IRAF
CCDPROC package. Differential photometry was performed using six field stars for comparison.
Landolt standard fields were observed to calibrate the comparison stars (Landolt, 1992). Photome-
try of SN 1998bu was determined using aperture photometry of the SN and field stars. To improve
photometry, a template of the background host galaxy flux was subtracted from the flux of the SN
(Jha et al., 1999).
Finally, Hernandez et al. (2000) reported the last major UBV RI observing program of SN
1998bu (Table 4.4). The bulk of the data was obtained using the 82cm Instituto de Astrofisica
de Canarias Telescope (IAC80) on Tenerife, and the 1-m Jacobus Kapteyn Telescope (JKT) at La
Palma Observatory. Other observations were obtained at the 2.6-m Nordic Optical Telescope (NOT)
and the 3.5-m WIYN telescope at KPNO. Monitoring began at -5 days and spanned 53 days (see
Table 4.4). The IAC80 images were taken with the 1024 x 1024 CCD camera with a plate scale of
0′′.43 per pixel and total field of view of 7′′.3 x 7′′.3. The JKT observations also utilize a 1024 x
1024 CCD camera with a plate scale of 0′′.33 per pixel and total field of view of 5′′.6 x 5′′.6. WIYN
is equipped with a 2048 x 2048 CCD with a plate scale of 0′′.20 per pixel and total field of view of
6′′.5 x 6′′.5.
The IAC80 data was reduced using standard IRAF procedures. Data from the other tele-
scopes were reduced using the Starlink package CCDPACK. Aperture photometry was used to
determine SN magnitudes. The SN and standard star flux was measured using a circular aperture.
Then, the background flux was estimated and subtracted using a concentric annulus. The SN mag-
nitudes were compared to the magnitudes of the standard stars, which were calibrated with Landolt
field stars (Landolt, 1992).
4.2 Light Echo Observations
Five hundred days after maximum, the light curve of SN 1998bu featured a plateau at-
tributed to a light echo (Cappellaro et al., 2001). Due to the substantial reddening found at peak,
this SN was monitored into the nebular phase. SN 1991T showed a similar decline of 56Co, and that
SN also exhibited a light echo. On 1999 December 4, SN 1998bu was two magnitudes brighter than
61
Table 4.2: SN 1998bu Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2450944.68 ... ... 12.45 0.14 12.23 0.10 11.95 0.15
2450947.63 12.47 0.11 12.15 0.02 11.86 0.04 11.72 0.04
2450948.59 ... ... 12.08 0.02 11.80 0.04 11.68 0.04
2450948.65 12.41 0.09 12.09 0.02 11.80 0.04 11.70 0.04
2450949.67 12.29 0.02 11.98 0.01 11.72 0.03 11.63 0.03
2450951.58 12.28 0.07 11.90 0.02 11.71 0.04 11.68 0.04
2450951.63 ... ... 11.93 0.03 11.72 0.04 11.67 0.04
2450951.67 ... ... 11.91 0.03 11.80 0.09 ... ...
2450951.68 12.21 0.02 11.90 0.01 11.68 0.03 11.66 0.03
2450952.62 12.29 0.07 11.87 0.02 11.70 0.04 11.70 0.04
2450952.64 ... ... 11.88 0.02 11.71 0.05 11.74 0.05
2450952.66 12.21 0.02 11.86 0.01 11.66 0.03 11.71 0.03
2450952.67 .... ... 11.85 0.03 11.75 0.09 11.69 0.06
2450953.63 12.34 0.11 ... ... ... ... ... ...
2450953.70 12.24 0.02 11.87 0.01 11.66 0.03 11.73 0.03
2450955.64 12.28 0.02 11.86 0.01 11.65 0.03 11.79 0.03
2450955.66 12.26 0.11 11.88 0.02 11.66 0.04 11.80 0.05
2450955.68 ... ... 11.85 0.03 11.82 0.06 ... ...
2450956.59 12.35 0.07 11.90 0.02 11.71 0.04 11.83 0.04
2450956.64 12.32 0.02 11.87 0.01 11.67 0.03 11.80 0.03
2450956.68 ... ... 11.89 0.03 11.79 0.09 11.84 0.06
2450957.63 12.36 0.02 11.92 0.01 11.72 0.03 11.87 0.03
2450957.65 12.34 0.11 11.96 0.03 11.75 0.05 11.88 0.05
2450959.68 12.50 0.02 12.01 0.01 11.82 0.03 11.98 0.03
2450960.57 12.57 0.07 12.02 0.02 11.91 0.04 12.04 0.04
2450960.69 12.56 0.02 12.04 0.01 11.89 0.03 12.05 0.03
2450961.57 12.74 0.11 12.12 0.03 12.02 0.05 ... ...
2450961.60 12.64 0.07 12.07 0.02 11.99 0.04 12.10 0.04
2450962.66 12.70 0.02 12.12 0.01 12.05 0.03 12.21 0.03
2450963.64 12.81 0.03 12.21 0.02 12.15 0.03 12.26 0.04
2450963.68 12.88 0.05 12.26 0.02 12.28 0.06 12.30 0.04
2450964.63 12.94 0.03 12.28 0.01 12.21 0.03 12.30 0.03
2450964.68 12.97 0.05 12.34 0.02 ... ... 12.32 0.04
2450965.64 13.03 0.02 12.35 0.01 12.29 0.03 12.31 0.03
2450965.67 13.05 0.03 12.42 0.02 ... ... 12.33 0.04
2450966.60 13.10 0.07 12.42 0.02 12.35 0.04 12.29 0.04
2450967.65 13.24 0.02 12.48 0.01 ... ... ... ...
2450967.66 13.24 0.02 12.50 0.01 ... ... 12.35 0.03
2450968.67 13.40 0.02 12.59 0.01 12.46 0.03 12.33 0.03
2450968.68 13.36 0.02 12.55 0.01 ... ... 12.33 0.03
2450968.72 13.43 0.03 12.62 0.02 12.48 0.03 12.31 0.03
2450969.59 13.51 0.11 12.62 0.02 12.43 0.05 12.26 0.04
2450969.60 13.40 0.07 12.61 0.02 12.43 0.04 12.25 0.04
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Table 4.3: SN 1998bu Optical Observations Continued
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2450969.65 13.51 0.02 12.64 0.01 12.47 0.03 12.31 0.03
2450969.67 13.52 0.03 12.66 0.02 12.50 0.03 12.30 0.03
2450969.69 13.53 0.05 12.66 0.02 12.50 0.06 12.32 0.06
2450969.69 13.47 0.02 12.59 0.01 ... ... 12.28 0.03
2450970.69 13.59 0.02 12.64 0.01 ... ... 12.25 0.03
2450971.71 13.72 0.02 12.69 0.01 ... ... 12.23 0.03
2450972.65 13.84 0.02 12.74 0.01 ... ... 12.20 0.03
2450972.68 13.89 0.02 12.80 0.01 12.52 0.03 12.22 0.03
2450973.58 13.95 0.11 12.80 0.02 12.45 0.05 12.16 0.04
2450973.68 14.01 0.05 ... ... 12.54 0.06 12.22 0.04
2450974.67 14.11 0.03 12.87 0.02 12.51 0.04 12.19 0.04
2450978.69 14.51 0.06 13.09 0.02 12.61 0.06 12.12 0.05
2450979.70 14.60 0.06 13.14 0.03 12.64 0.06 12.14 0.05
2450980.65 14.68 0.02 13.16 0.01 12.61 0.03 12.08 0.03
2450981.66 14.74 0.02 13.25 0.01 12.69 0.03 12.12 0.03
2450981.69 14.74 0.06 13.24 0.03 12.71 0.07 12.14 0.05
2450982.60 ... ... 13.30 0.03 12.79 0.06 12.13 0.05
2450982.65 14.81 0.02 13.30 0.02 12.75 0.03 12.16 0.03
2450982.70 14.84 0.06 13.36 0.02 12.83 0.06 12.24 0.04
2450983.66 14.89 0.02 13.38 0.01 12.83 0.03 12.24 0.03
2450984.67 14.94 0.02 13.45 0.01 12.92 0.03 12.33 0.03
2450984.70 14.95 0.05 13.51 0.02 13.00 0.06 ... ...
2450985.65 15.00 0.02 13.53 0.01 13.03 0.04 12.42 0.03
2450986.66 15.05 0.02 13.56 0.01 13.08 0.03 12.47 0.03
2450986.69 15.09 0.05 ... ... 13.13 0.06 ... ...
2450987.66 15.09 0.02 13.63 0.01 13.12 0.03 12.55 0.03
2450988.66 15.12 0.02 13.67 0.01 13.18 0.03 12.63 0.03
2450989.65 15.18 0.02 13.72 0.01 13.24 0.03 12.68 0.03
2450990.65 15.21 0.02 13.77 0.01 13.28 0.03 12.75 0.03
2450990.69 15.22 0.05 13.82 0.02 13.34 0.06 12.80 0.05
2450991.65 15.22 0.02 13.82 0.01 13.31 0.03 12.81 0.03
2450992.64 15.24 0.02 13.84 0.01 13.38 0.03 12.86 0.03
2450993.64 15.26 0.03 13.88 0.02 13.42 0.03 12.91 0.03
2450994.64 15.29 0.02 13.92 0.01 ... ... 12.97 0.03
2450995.64 15.31 0.02 13.96 0.01 13.49 0.03 13.04 0.03
2450996.64 ... ... 13.97 0.01 ... ... 13.09 0.03
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Table 4.4: Further SN 1998bu Optical Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2450947.43 12.502 0.028 12.199 0.014 11.848 0.016 11.727 0.020
2450948.38 12.401 0.075 ... ... 11.808 0.075 ... ...
2450948.43 12.403 0.028 12.117 0.014 11.818 0.015 11.676 0.019
2450949.37 12.340 0.075 ... ... 11.760 0.075 ... ...
2450949.40 12.300 0.040 12.070 0.030 11.770 0.040 11.660 0.050
2450950.41 12.250 0.050 ... ... 11.770 0.050 11.670 0.050
2450950.42 12.276 0.075 ... ... 11.727 0.075 ... ...
2450951.37 12.260 0.075 ... ... 11.698 0.075 ... ...
2450952.36 12.239 0.075 ... ... 11.704 0.075 ... ...
2450953.37 12.239 0.075 ... ... 11.684 0.075 ... ...
2450954.37 12.250 0.075 ... ... 11.682 0.075 ... ...
2450955.36 12.265 0.075 11.881 0.075 11.713 0.075 11.827 0.075
2450956.40 12.326 0.075 11.907 0.075 11.721 0.075 11.859 0.075
2450957.39 12.370 0.075 11.960 0.075 11.739 0.075 11.905 0.075
2450958.36 12.329 0.075 11.986 0.075 11.809 0.075 11.988 0.075
2450958.38 12.423 0.016 11.962 0.019 11.777 0.020 11.912 0.033
2450959.40 12.470 0.075 11.989 0.075 11.858 0.075 12.055 0.075
2450963.66 12.817 0.026 12.298 0.012 12.249 0.021 12.287 0.030
2450964.39 12.880 0.075 12.298 0.075 12.261 0.075 12.327 0.075
2450965.66 12.920 0.035 12.419 0.016 12.350 0.024 12.352 0.025
2450966.38 13.104 0.075 12.448 0.075 12.398 0.075 12.398 0.075
2450968.38 13.352 0.032 12.558 0.019 12.414 0.025 12.332 0.026
2450968.72 13.367 0.027 12.609 0.012 12.481 0.016 12.309 0.018
2450969.34 13.381 0.075 12.644 0.075 12.419 0.075 ... ...
2450969.42 13.498 0.036 12.616 0.020 12.431 0.024 12.284 0.025
2450969.70 13.480 0.031 12.650 0.014 12.480 0.015 12.275 0.020
2450970.34 13.487 0.075 12.719 0.075 12.443 0.075 ... ...
2450971.33 13.607 0.075 12.784 0.075 12.444 0.075 ... ...
2450972.35 13.717 0.075 12.834 0.075 12.452 0.075 ... ...
2450972.68 13.821 0.028 12.791 0.012 12.489 0.017 12.200 0.018
2450973.33 13.782 0.075 12.888 0.075 12.465 0.075 ... ...
2450974.33 13.912 0.075 12.958 0.075 12.472 0.075 ... ...
2450976.39 14.218 0.075 12.955 0.075 12.494 0.075 12.096 0.075
2450977.45 14.316 0.076 13.035 0.019 12.532 0.024 12.102 0.025
2450978.39 14.461 0.074 13.055 0.018 12.563 0.024 12.077 0.027
2450981.34 14.649 0.075 13.246 0.075 ... .... 12.101 0.075
2450983.39 14.867 0.075 13.461 0.075 12.804 0.075 12.184 0.075
2450985.35 14.885 0.075 ... ... ... ... 12.473 0.075
2450985.40 15.039 0.050 13.530 0.018 12.899 0.025 12.403 0.025
2450986.34 14.928 0.075 ... ... ... ... 12.473 0.075
2450990.34 15.135 0.075 ... ... ... ... ... ...
2450997.40 15.286 0.068 13.990 0.019 13.578 0.020 13.141 0.026
24501000.40 15.372 0.070 14.097 0.021 13.677 0.025 13.292 0.028
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the radioactive decay extrapolation of the light curve.
Subsequent images over the next months showed the source maintained a constant magni-
tude. At the same time, the spectra featured a bluer continuum with superimposed broad absorption
and emission features, which resembled photospheric epoch spectra. After the analysis on the light
echo spectrum of SN 1991T (Schmidt et al., 1994), similar processes were considered for SN 1998bu.
Early spectra of SN 1998bu from Hernandez et al. (2000) weighted with the integrated luminosity
around each observation was compared to the light echo spectrum at 670d and showed similar fea-
tures. The spectrum was corrected for reddening and co-added to create a synthetic spectrum at 670d
(Cappellaro et al., 2001). The agreement between the synthetic and observed spectra strengthened
the argument of a light echo as the emission source (Figure 4.2).
Figure 4.2: The late-epoch spectrum of SN 1998bu taken at 670d (thin line) compared with the
time-integrated maximum light spectrum (Cappellaro et al., 2001).
Garnavich et al. (2001) presented further analysis of the light echo(s) of SN 1998bu. Images
obtained with the Hubble Space Telescope Wide Field Planetary Camera 2 (WFPC2) on 2000 June
19 (762d past maximum) showed the existence of two echoes. The inner echo was shifted 0′′.04
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from the center of the outer echo, suggesting an inclined dust sheet not uniformly distributed. The
dust sheet that created the inner echo was determined to be <10pc from the SN and could be
associated with the progenitor of SN 1998bu. Further discussion of these observations can be found
in Section 4.4.
4.2.1 HST Archival Images
SN 1998bu and M96 were frequently imaged with HST , and we discovered several epochs
of suitable light echo observations in the HST MAST archive for analysis. We chose four epochs for
our investigation into the evolution of the echoes of SN 1998bu: 2003, 2006, 2009, and 2014. The
first two epochs use the ACS (plate scale of 0′′.027 pix−1) on HST , and the last two epochs were
obtained with WFC3 (plate scale of 0′′.04 pix−1). A complete list of the observations used in our
analysis are in Table 4.5.
Table 4.5: HST SN 1998bu Observations
Filter Filter Description Date Instrument Exposure (s)
POL0UV, F435W 0◦ UV polarized Johnson B 2003-04-23 ACS 1708
POL60UV, F435W 60◦ UV polarized Johnson B 2003-04-23 ACS 1708
POL120UV, F435W 120◦ UV polarized Johnson B 2003-04-23 ACS 1708
F625W, CLEAR2S SDSS r 2003-04-23 ACS 720
POL0UV, F435W 0◦ UV polarized Johnson B 2006-01-16 ACS 2000
POL60UV, F435W 60◦ UV polarized Johnson B 2006-01-16 ACS 2000
POL120UV, F435W 120◦ UV polarized Johnson B 2006-01-16 ACS 2000
F606W, CLEAR2S broad V 2006-01-16 ACS 1600
F475W SDSS g 2009-11-13 WFC3 500
F606W broad V 2009-11-12 WFC3 2010
F336W Strömgren u 2014-04-05 WFC3 1110
F438W WPFC2 wide V 2014-04-05 WFC3 956
F555W wide V 2014-04-05 WFC3 1134
In 2003, images of SN 1998bu were taken as part of HST Program 9299; P.I. H. Ford. The
proposal, entitled “Geometric Measurement of Galaxy Distances,” investigated the use of polariza-
tion measurements of SN light echoes to determine the distance of the host galaxies. SN 1991T
and SN 1998bu were both imaged as part of this program, but no publications have been reported.
1708s of observation were obtained in the 0◦, 60◦, and 120◦ UV polarized F435W (Johnson B)
filters, and 720s of exposure were obtained in the F625W (SDSS r) filter with a CLEAR2S aperture.
An 1800s exposure image in the F250W (near UV broadband) filter with a CLEAR1S aperture was
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rejected for our analysis. The observations are shown in Figure 4.5. Both of the echoes seem to be
centered on the SN position, with the outer echo showing a mostly complete ring with brighter top
left quadrant. The inner echo only shows the bottom portion of an arclet, and there are possible
stellar artifacts located immediately adjacent to the echo.
The 2006 images of SN 1998bu were taken as part of HST Program 10607; P.I. B. Sugerman,
entitled “Probing Circumstellar and Interstellar Dust with Scattered-Light Echoes.” Again, SN
1991T and SN 1998bu, as well as Type-II SNe light echoes, were observed to put constraints on
the dust around the SNe. SN 1998bu was chosen for this study because it exhibited a CSM echo
(Garnavich et al., 2001). UV polarizers were also used in this program to estimate galaxy distances.
2000s of observation were obtained with the 0◦, 60◦, and 120◦ UV polarizers in the F435W filter, and
1600s were obtained in the F606W (broad V ) filter with a CLEAR2S aperture. A 2000s exposure
image in the F814W band with a CLEAR1S aperture was rejected due to a non-detection of the
echo. The observations are shown in Figure 4.6. Visually, these echoes have grown since 2003, but
are more disconnected. The bottom right part of the outer echo ring is very faint. The inner echo
complete ring is visible, especially in the F606W image. However, in this epoch, the inner echo is
shifted off center from the SN position. We discuss this shift in Subsection 4.4.1. A stellar artifact
is featured in all four images, and the fact that the position of the feature does not change over
the course of 3 years argues against it being part of the inner echo. The F606W and the 120◦ UV
polarized F435W image seem to show a part of a secondary outer echo ring (θ = 0.71′′ ± 0.05).
These are the only images to show this phenomenon in the HST archival images. This angular size
corresponds to a dust sheet of distance ∼280 pc in front of the SN.
As previously mentioned, SN 2006X and SN 1998bu were imaged with HST Proposal 11646;
P.I. A. Crotts, investigating the environment of SNe Ia with the use of light echoes. 2010s of exposure
in the F658N (N II), 2010s of exposure in the F606W (WPFC2 wide V ), 500s of exposure in the
F475W (SDSS g), and 350s of exposure in the F814W were acquired. Both the F658N and F814W
images resulted in non-detections. A color composite of the images, including the location of the SN
in relation to the host galaxy, is shown in Figure 4.3. The individual filter observations (including
F814W) are shown in Figure 4.7. Again, these images feature a mostly complete outer echo ring,
with a faint bottom right section. The inner echo still appears shifted off center, and the evolution
of the inner echo arclet is apparent in these three years of images. In the bottom left corner, there
seem to be more foreground artifacts in the outer echo that were previously not seen.
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Figure 4.3: The color composite image of M96 from HST observations in 2009 (left panel) and 1.5′′
x 1.5′′ close up of the light echo (right panel) found at the SN location (green circle).
Lastly, M96 was imaged as part of HST Program 13364; P.I. D. Calzetti for LEGUS (Legacy
ExtraGalactic UV Survey). Fortunately, the images of M96 included the location of the SN, and the
light echoes were still visible, but clearly very faint. 2361s of exposure in F275W (UV wide), 1110s
of exposure in F336W (Strömgren u), 956s of exposure in F438W (WFPC2 B), 1134s of exposure in
F555W, and 980s of exposure in the F814W filter were obtained. The light echo was not detected in
both the F275W and F814W filters. A color composite of the observations is shown in Figure 4.4,
and images from the individual filters are shown in Figure 4.8. Again, the F814W filter was included
in the figure for comparison. These echoes are the hardest to distinguish from the background, and
the only bright spots are the artifacts located around the outer and inner ring. In these images, the
outer ring is not azimuthally symmetric.
4.3 Photometry
Photometry of the 2003, 2006, 2009, and 2014 epochs of the echoes was determined using
DAOPHOT in IRAF using the same procedure as discussed in Subsection 3.2.2. A coo.1 file, listing
the location of the SN and any stellar artifacts that needed to be subtracted, was created. Due to the
double structure of the echoes, several apertures were used. One summed the counts inside an area
that encompassed both the outer and inner echoes. A different aperture was used to sum the counts
of the interior echo. A larger than necessary aperture was used, and the stellar artifacts located right
outside the inner echo were subtracted (see Figure 4.9). A small aperture (usually 2 pixels) was used
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Figure 4.4: The color composite image of M96 from HST observations in 2014 (left panel) and 3.0′′
x 3.0′′ close up of the light echo (right panel). The green circle shows the SN location.
to determine the flux from the stellar artifacts to subtract from the total flux. The subtraction of
the artifacts usually resulted in a change of 0.1 mag in the outer echo, but were considerably more
problematic in the fainter inner echo. The VEGA zeropoints from the HST Instrument Handbook
used for this analysis were 25.79 mag for F475W, 25.79 mag for F606W, 23.48 mag for F336W, 24.97
mag for F435W, and 25.82 mag for F555W.
Photometry was not performed on the polarized images from 2003 and 2006, as the polar-
ization would affect the magnitude. Those images were used only for determinations of the angular
size of the echo(s). Table 4.6 lists the photometry from the literature compared to our results. As is
evident in the images themselves, the light echoes are growing fainter with time, which is as expected
as more distant regions are being illuminated (Tylenda, 2004). Patat (2005) reports that the echo
light curve will decline due to geometrical and forward scattering effects.
4.4 Dust Analysis
The angular size of the outer and inner echoes was determined by scaling the circular
aperture in CIAO. For the outer echo, the circle was fit to the bright region of the ring, assuming
symmetry. The varying illumination of the light echo rings suggests patchy areas of dust. The
inner echo was more difficult to measure since only a partial ring is visible, which suggests that
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Figure 4.5: The 2.0′′ x 2.0′′ region of the light echo(s) of SN 1998bu in 2003. Upper left panel is the
0◦ UV polarized F435W band image, upper right panel is the 60◦ UV polarized F435W band image,
bottom left is the 120◦ UV polarized F435W filter image, and bottom right panel is the F625W
image.
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Figure 4.6: The 2.0′′ x 2.0′′ region of the light echo(s) of SN 1998bu in 2006. Upper left panel is the
0◦ UV polarized F435W band image, upper right panel is the 60◦ UV polarized F435W band image,
bottom left is the 120◦ UV polarized F435W filter image, and bottom right panel is the F606W
image.
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Figure 4.7: 2.5′′ x 2.5′′ region of the light echo(s) of SN 1998bu in 2009. On the left is the F475W
band image, and the F606W observation is on the right.
Table 4.6: SN 1998bu Light Echo Photometry
Filter Epoch (days past maximum) mOE (mag) mIE (mag) mTot (mag) ∆m (mag)
V 500 ... ... 20.8 ± 0.1 8.92
F555W 762 ... ... 21.4 9.52
F625W 2010 22.1 ± 0.3 23.5 ± 0.4 21.9 ± 0.3 10.20
F606W 2800 21.9 ± 0.4 23.9 ± 0.5 21.7 ± 0.3 9.82
F475W 4200 21.9 ± 0.2 23.4 ± 0.3 21.6 ± 0.2 9.38
F606W 4200 21.9 ± 0.3 23.6 ± 0.3 21.7 ± 0.2 9.82
F336W 5800 21.3 ± 0.3 23.2 ± 0.4 20.9 ± 0.3 8.99
F438W 5800 22.3 ± 0.3 23.6 ± 0.4 21.9 ± 0.2 9.68
F555W 5800 22.2 ± 0.2 23.6 ± 0.3 21.7 ± 0.2 9.82
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Figure 4.8: 2.5′′ x 2.5′′ region of the light echo(s) of SN 1998bu in 2014. Upper left panel is
the F336W band image, upper right panel is the F438W band image, bottom left is the F555W
filter image, and bottom right panel is the F814W image. The F814W image was not used in our
analysis because of the low sensitivity and non-detection of the echo and was only included here for
comparison purposes.
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Figure 4.9: The surface plot of the SN 1998bu light echoes in the 2006 F606W observation shows
the crowded field around the echoes. The flux of stellar sources (red) were subtracted from the flux
of the circular aperture (green) when performing photometry.
only a partial dust sheet is intersecting the t paraboloid. Again, the circular aperture was fit to the
arclet visible. The radius in pixels was converted to angular size (using the plate scale mentioned
previously for each instrument). In the same convention as in the previous chapter, the θ* column
in Tables 4.7 and 4.8 refers to the PSF removed angular size. The t column shows the time since B
maximum for the observations. The dust distances estimated from the angular size measurements
in Garnavich et al. (2001) are reported in the first row of the tables.
Using the host galaxy distance to M96 of D = 10.5 Mpc, θ*, and the t, the dust distances
were estimated for the inner and outer echoes. Hernandez et al. (2000) lists the host galaxy distance
as 11.2 ± 1.0 Mpc, which results in a ∼10% change in the dust distance. The average distance d
between the SN and the dust for the outer echo is 190 ± 10 pc. The average distance d between
the SN and the dust for the inner echo is 10 ± 3 pc. The dust distance estimate from Cappellaro
et al. (2001) was ∼100pc for the outer echo. While the outer echo dust distances derived from our
analysis are considerably larger than that reported in Garnavich et al. (2001), our inner echo values
are consistent. The geometry of the echoes are shown in Figure 4.11, using the average distances
derived from our analysis.
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Figure 4.10: Early (lower panel)- and complete (upper panel) BV RI light curves of SN 1998bu
plotted over normal SN 1992A (dashed line) (Suntzeff, 1996). The early light curve only extends to
∼50 days past maximum, which is when monitoring of SN 1998bu ceased. All light echo data points
are distinguished with filled diamonds, with the first two points from the literature (Cappellaro
et al., 2001; Garnavich et al., 2001). Early SN 1998bu observations were taken from the literature:
Hernandez et al. (2000) (BV RI-open diamonds), Jha et al. (1999) (BV RI-open triangles), and
Suntzeff et al. (1999) (BV RI-open squares).
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Table 4.7: SN 1998bu Outer Echo Sizes and Dust Distances
Filter R(pix) θ(′′) θ(′′)* t(yrs) d(pc)
F555W ... ... 0.24 ± 0.01 2.09 120
POL0UV, F435W 19.5 ± 1.5 0.49 ± 0.04 0.46 ± 0.04 5.51 162
POL60UV, F435W 19.0 ± 1.0 0.48 ± 0.03 0.45 ± 0.03 5.51 155
POL120UV, F435W 18.9 ± 1.5 0.47 ± 0.04 0.44 ± 0.04 5.51 148
F625W, CLEAR2S 18.6 ± 1.0 0.47 ± 0.03 0.44 ± 0.03 5.51 148
POL0UV, F435W 23.5 ± 1.0 0.58 ± 0.03 0.55 ± 0.03 7.66 173
POL60UV, F435W 23.6 ± 1.5 0.59 ± 0.04 0.56 ± 0.04 7.66 173
POL120UV, F435W 23.4 ± 1.5 0.59 ± 0.04 0.56 ± 0.04 7.66 173
F606W, CLEAR2S 23.0 ± 2.0 0.58 ± 0.05 0.55 ± 0.05 7.66 166
F475W 20.8 ± 0.5 0.83 ± 0.02 0.78 ± 0.02 11.50 223
F606W 20.9 ± 0.5 0.83 ± 0.02 0.78 ± 0.02 11.50 223
F336W 24.5 ± 1.0 0.97 ± 0.04 0.93 ± 0.04 15.88 229
F438W 24.8 ± 1.0 0.98 ± 0.04 0.93 ± 0.04 15.88 229
F555W 24.5 ± 1.0 0.97 ± 0.04 0.92 ± 0.04 15.88 224
Table 4.8: SN 1998bu Inner Echo Sizes and Dust Distances
Filter R(pix) θ(′′) θ(′′)* t(yrs) d(pc)
F555W ... ... 0.07 ± 0.01 2.09 10
POL0UV, F435W 5.21 ± 0.5 0.13 ± 0.01 0.10 ± 0.01 5.51 6.87
POL60UV, F435W 4.93 ± 0.4 0.12 ± 0.01 0.09 ± 0.01 5.51 5.40
POL120UV, F435W 5.02 ± 0.4 0.13 ± 0.01 0.10 ± 0.01 5.51 6.87
F625W, CLEAR2S 5.65 ± 0.5 0.14 ± 0.01 0.11 ± 0.01 5.51 8.49
POL0UV, F435W 7.17 ± 0.5 0.18 ± 0.01 0.15 ± 0.01 7.66 11.2
POL60UV, F435W 7.34 ± 0.4 0.18 ± 0.01 0.15 ± 0.01 7.66 11.2
POL120UV, F435W 7.31 ± 0.5 0.18 ± 0.01 0.15 ± 0.01 7.66 11.2
F606W, CLEAR2S 6.48 ± 0.4 0.16 ± 0.01 0.13 ± 0.01 7.66 8.14
F475W 6.10 ± 0.2 0.24 ± 0.01 0.19 ± 0.01 11.50 11.6
F606W 5.89 ± 0.2 0.24 ± 0.01 0.19 ± 0.01 11.50 11.6
F336W 6.63 ± 0.6 0.27 ± 0.02 0.23 ± 0.02 15.88 11.7
F438W 7.01 ± 0.5 0.28 ± 0.02 0.23 ± 0.02 15.88 11.7
F555W 6.98 ± 0.5 0.28 ± 0.02 0.23 ± 0.02 15.88 11.7
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4.4.1 Inclined Dust Sheet
Following the discussion in Tylenda (2004), we measure the declination offset of the inner
echo from the SN position in each image and average the results. Then, we calculate a from xc/ct.
Finally, we solve for the dust sheet inclination angle α = tana. The results are shown in Figure 4.9.
Again, the entries for the first row are taken from Garnavich et al. (2001) and are quite different
from the values we derive. We do find the offset grows with time, but the values do have a larger
uncertainty because of the lower brightness of the echoes at the later epochs. Since this is CSM dust
which could be associated with the SN itself, the dust inclination could evolve with time as the dust
expands outward.
Barberà et al. (2004) used Fourier analysis to deproject spiral galaxies, which included the
host galaxy of SN 1998bu, M96, in their sample. They determined an inclination angle (the angle
between the perpendicular to the plane of the galaxy and the line of sight) to be 50 ± 1◦. Since this
angle is nearly twice the dust sheet angle derived from our analysis, it is a further indication that
the inner echo scattering material is associated with the SN and not the interstellar material.
Table 4.9: Dust Sheet Inclination Evolution
Epoch (yr) Declination Offset (′′) Dust Sheet Inclination (◦)
2.09 0.04 73
5.51 0.02 ± 0.01 31
7.66 0.03 ± 0.01 33
11.50 0.04 ± 0.02 30
15.88 0.05 ± 0.02 28
4.4.2 Echo Growth
Light echoes grow in time, if the dust is still intersecting the iso-delay surface, and the
light echoes from SN 1998bu were captured in multiple epochs spanning over a decade. Thus, the
evolution of the outer and inner echoes can be compared to the predicted growth in the dust sheet
perpendicular to the line-of-sight approximation. Figure 4.12 plots the data versus the average
distance between the SN and dust from our results. The first value is the Garnavich et al. (2001)
measurement, while the four others are the average epoch measurements for the 2003, 2006, 2009,
and 2014 observations we present.
The inner echo evolution is shown in Figure 4.13. The data is a good fit to the predicted
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Figure 4.11: The geometry of the light echoes from SN 1998bu (not drawn to scale). The CSM inner
echo (blue) is located 10pc in front of the SN, while the ISM outer echo (orange) is 190 pc away
from the SN. The off-center shift of the inner echo ring, corresponds to a 30◦ decline of the dust
sheet.
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echo model based on the average dust distance derived from our data. The Garnavich et al. (2001)
value is consistent with what has been derived from a decade of further observation of SN 1998bu.
Figure 4.12: The angular size of the outer light echo from SN 1998bu is plotted versus time, spanning
>15 years of observations. The models are the upper and lower limit to the average dust sheet
distances derived from this research.
4.4.3 Optical Depth
The Aλ and peak magnitude information in Table 4.10 and Table 4.11 were reported from
Suntzeff et al. (1999) and used to calculate the optical depth of the dust of the echoes from SN
1998bu. The AB and AV values are ∼0.2 mag different than reported in Jha et al. (1999), which
resulted in a ∼0.02 change in the outer echo optical depth values (shown in Table 4.12).
4.4.4 Light Echo Color
We follow the same method for modeling the light echo color as in Subsection 3.4.2, using
the filter throughputs from the ACS and WFC3 instrument handbooks. The peak spectrum was
taken from the Weizmann Interactive Supernova data REPository (WISeREP) (Yaron and Gal-
Yam, 2012). The spectrum, obtained by the Harvard Smithsonian team on the Fred Lawrence
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Figure 4.13: The inner light echo from SN 1998bu growth in time is consistent with the upper and
lower limits derived from this research. The average dust sheet distance also matches the value
estimated in Garnavich et al. (2001).
Table 4.10: Peak Photometry Magnitudes
Filter JDMax (day) m (mag)
U 2450951.1 ± 0.5 11.91 ± 0.03
B 2450952.9 ± 0.5 12.20 ± 0.03
V 2450954.1 ± 0.5 11.88 ± 0.03
R 2450953.5 ± 0.5 11.70 ± 0.03
I 2450949.5 ± 1.0 11.67 ± 0.05
Table 4.11: Observed and Corrected Peak-Echo Magnitudes
Inner Echo Outer Echo
Filter ∆mobs (mag) ∆mobs (mag) Aλ ∆mcorr
U 11.29 ± 0.5 9.39 ± 0.5 1.80 ± 0.14 11.09 ± 0.5
B 11.28 ± 0.3 9.88 ± 0.3 1.50 ± 0.13 11.38 ± 0.3
V 11.82 ± 0.2 10.12 ± 0.2 1.14 ± 0.10 11.26 ± 0.2
R 11.80 ± 0.4 10.40 ± 0.5 0.92 ± 0.08 11.32 ± 0.5
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Table 4.12: Optical Depth of Dust







Whipple Observatory 1.5m telescope using the FAST spectrograph on 1998 May 18 (one day before
maximum) had a wavelength range of 3700 – 7540Å(Matheson et al., 2008). SN 1998bu was observed
over a wavelength range of 3000 – 7200Å. We could not perform color analysis using F336W since
no suitable peak spectrum of SN 1998bu covering wavelengths <3600Å was publicly available. The
flash durations (∆t) used to scale the spectrum of SN 1998bu were estimated using the light curve
and the log of observations from Jha et al. (1999). SN 1998bu was also a wider than normal SNe
Ia, and the flash durations are as follows: 25.0 days (0.068 yr) in B, 34.7 days (0.095 yr) in V , and
39.7 days (0.109 yr) in R. The flash durations for SN 1998bu have a higher uncertainty due to fewer
pre-maximum observations.
By comparing the colors of standard filters with the HST filters folded through the peak
SN 1998bu and Vega spectrum, we determined the change in magnitudes between the filters for
various dust types and scattering angles. Here, we use Bessell filters (Bessell, 1990) in all cases
except the R filter, where we use a Cousins R standard filter (Cousins, 1974). The results are shown
in Table 4.13. Figure 4.14 shows the normalized SN 1998bu spectrum with some of the WFC3
HST filter responses overplotted. The HST filters match the shape of the spectrum well, which is
reflected in the small differences between the peak color predictions of the standard and HST filters
as reported in Table 4.13.
In Table 4.14, we compare the ACS F606W – F625W echo color with our theoretical pre-
dictions using various dust cross-sections and scattering angles. All of the observed peak colors of
SN 1998bu were taken from the literature (Suntzeff et al., 1999) and compared with the model pre-
dictions by folding the HST transmission filters into the peak SN 1998bu spectrum and comparing
to the Vega spectrum. The peak F606W – F625W color matches the observed color within the un-
certainty, and this is also reflected in the small magnitude difference between the V and F606W and
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Figure 4.14: The normalized SN 1998bu spectrum (Matheson et al., 2008) is shown (black line) with
the HST filter transmission curves (from the WFC3 instrument handbook) superimposed. The
F475W (blue), F606W (green), and F625W (red) filter responses match the features in the SN Ia
spectrum fairly well, which supports the output of the code, showing only minor differences between
the HST and standard filters. These filters were chosen because they show the greatest change in
magnitude between HST and standard filters.
R and F625W values shown in Table 4.13. Unfortunately, our high uncertainties in the magnitudes
of the outer echo (OE) and inner echo (IE) prevent us from distinguishing between dust type and
scattering angle.
Table 4.15 shows the 2009 WFC3 F475 – F606W color results. (B – V )max = 0.32 ± 0.04
mag, which is redder than a typical Type Ia supernovae. The color evolved to (B – V )35d = 1.48 ±
0.04 mag (Jha et al., 1999). The peak color is ∼0.1 mag different than that quoted from the literature
and is most likely due to the difference between the standard and WFC3 filters. In this epoch, the
error bars are smaller, and thus, we can make inferences about the dust type and scattering angle.
The inner and outer echo colors seem most consistent with 0◦ scattering. Here, the outer and inner
echo color matches closest with the color predicted by Milky Way-type dust.
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Table 4.13: HST vs. Bessell Filters
Filter Names Angle Peak (mag) RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
B – F438W 0◦ 0.012 0.034 0.033 0.034
B – F438W 90◦ 0.012 0.022 0.024 0.019
B – F438W 180◦ 0.012 0.045 0.036 0.032
B – F475W 0◦ 0.045 -0.092 -0.111 -0.111
B – F475W 90◦ 0.045 -0.025 -0.050 -0.011
B – F475W 180◦ 0.045 -0.185 -0.138 -0.105
V – F555W 0◦ -0.073 0.041 0.052 0.054
V – F555W 90◦ -0.073 -0.024 -0.008 -0.038
V – F555W 180◦ -0.073 0.092 0.048 0.015
V – F606W (HRC) 0◦ 0.028 -0.078 -0.076 -0.077
V – F606W (HRC) 90◦ 0.028 -0.017 -0.027 -0.005
V – F606W (HRC) 180◦ 0.028 -0.010 -0.015 0.009
V – F606W (WFC3) 0◦ 0.028 -0.080 -0.079 -0.081
V – F606W (WFC3) 90◦ 0.028 -0.018 -0.029 -0.006
V – F606W (WFC3) 180◦ 0.028 -0.017 -0.019 0.006
R – F625W 0◦ 0.065 0.094 0.094 0.095
R – F625W 90◦ 0.065 0.075 0.078 0.072
R – F625W 180◦ 0.065 0.083 0.080 0.073
Table 4.14: F606W – F625W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed V – R = 0.18 ± 0.04 Model F606W – F625W = 0.147
Light Echo Color OE = -0.2 ± 0.5 IE = 0.4 ± 0.6
0◦ Predictions 0.094 0.088 0.083
90◦ Predictions 0.216 0.195 0.240
180◦ Predictions 0.178 0.190 0.238
Table 4.15: F475W – F606W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed B – V= 0.32 ± 0.04 Model F475W – F606W = 0.246
Light Echo Color OE = 0.0 ± 0.3 IE = -0.2 ± 0.5
0◦ Predictions 0.164 0.133 0.126
90◦ Predictions 0.407 0.349 0.460
180◦ Predictions 0.100 0.206 0.323
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Table 4.16 shows the 2014 F438W – F555W color results. Interestingly, the B – V light echo
color evolution has remained constant in the five years since the last observations. The peak color
varies from the one reported in the literature, which is most likely due to differences between the
standard and HST filters. 0◦ scattering matches the intrinsic light echo colors, but we cannot rule
out backscattering, even though it is a much less probable scenario. All dust types are consistent
with the inner light echo color due to the high uncertainties from the photometry.
Table 4.16: F438W – F555W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed B – V = 0.32 ± 0.04 Model F438W – F555W = 0.177
Light Echo Color OE = 0.1 ± 0.3 IE = 0.0 ± 0.5
0◦ Predictions 0.158 0.117 0.115
90◦ Predictions 0.352 0.293 0.397
180◦ Predictions -0.022 0.098 0.193
A trend we notice at each epoch is that the outer and inner light echo colors are consistent
with one another (within the error bars), which suggests the same dust mechanism for each (type
and scattering scenario). This is very different from the results for the light echoes from SN 2007af.
An RV = 3.1 was assumed at peak (Jha et al., 1999), and our results are consistent with both
light echoes being created from that same type of dust. We also conclude that 0◦ scattering is the
most favorable scattering scenario since it matches our observed echo colors and is the most efficient
method of light scattering.
The largest difference calculated between standard and HST filters is only ∼0.1 mag, which
is the reason some authors choose to simply use their names interchangeably. We caution against this
practice, since it only works well (based on our results) in the case of normal Type Ia supernovae. In
the previous Chapter, we showed how this breaks down for unusual SNe, like the heavily reddened




In this chapter, we will discuss our early- and late-epoch observations of SN 2009ig and the
light echo phenomenon first discovered in Large Binocular Telescope (LBT) images. We will also
introduce the continued late-epoch monitoring of SN 2009ig with HST , but the bulk of the analysis
of those images will continue after the completion of the dissertation.
SN 2009ig was discovered in SBa galaxy NGC 1015 (D = 39.1 Mpc) on 2009 August 20.48
by the Lick Observatory Supernova Search using the 0.76-m KAIT (Kleiser et al., 2009). The SN




.1. The spectra had strong absorption features,
implying a high expansion velocity of 24,500 km s−1, suggesting the Type Ia supernova was detected
shortly after explosion (∼17 hours). Being an equatorial target, SN 2009ig was intensively studied
by a variety of teams (see Figure 5.2).
5.1 Early Observations
Foley et al. (2012) reported 55 photometry epochs of SN 2009ig (Tables 5.1 and 5.2) taken
with KAIT at Lick Observatory (Ganeshalingam et al., 2010). The observing campaign began 2009
August 21.5, two weeks before maximum. KAIT observed SN 2009ig with a nightly cadence to
determine the rise time with great precision. The cadence was changed to every 3–4 days two weeks
after peak light. The data were pipeline reduced using a KAIT automated process (Ganeshalingam
et al., 2010). The images were bias- and flat-corrected. Host galaxy subtraction was performed with
templates produced from images taken over a year past maximum. The local field of SN 2009ig
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Figure 5.1: Discovery image of SN 2009ig in host galaxy NGC 1015 (Kleiser et al., 2009).
had very few local stars that could be measured reliably without saturation, which is the reason
only one field star was used in calibrating SN 2009ig. This could result in photometric errors. The
photometry package DAOPHOT in IRAF was used to determine the magnitudes by comparing
the flux of the field star and the SN using a PSF fitting function. Instrumental magnitudes were
calibrated using the Landolt (1992) system using the averages determined from 7 photometric nights
(Ganeshalingam et al., 2010).
Target-of-opportunity observations taken by the Swift team began 2009 August 21.8 using
the Ultraviolet/Optical Telescope (Table 5.3). Digital image subtraction was performed on all of the
UVOT data using a template created from the last epoch observation for host galaxy subtraction.
The UBV data were reduced using the method described in Milne et al. (2013).
SN 2009ig reached maximum B light on 2455080.54 ± 0.3 (2009 September 6.0) at 13.66 ±
0.03 mag Foley et al. (2012). It had a slower than normal SN Ia decline, and the MLCS2k2 fit to
the light curve was consistent with a host galaxy extinction of AV = 0.01 ± 0.01 mag. This result is
in conflict with the value we derive from Steward Observatory images, and is surprising in light of
the light echo detection at late-epochs. The SN was found to be redder than template light curves
and spectra. Peak magnitude information taken from Foley et al. (2012) can be found in Table 5.4.
Foley et al. (2012) reported on the high velocity features seen in the spectra of SN 2009ig.
Two velocity components were found in the Si II (6355Å) feature. The higher feature corresponds
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Table 5.1: SN 2009ig KAIT Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2455065.01 17.304 0.039 16.865 0.033 16.957 0.034 16.889 0.092
2455065.96 16.519 0.036 16.216 0.035 16.309 0.029 16.346 0.038
2455068.02 15.115 0.036 15.151 0.028 15.117 0.035 15.273 0.037
2455069.00 14.748 0.036 14.790 0.031 14.858 0.034 14.892 0.037
2455070.00 14.614 0.037 14.546 0.029 14.592 0.029 14.652 0.037
2455071.94 14.120 0.037 14.199 0.072 14.220 0.032 14.232 0.043
2455072.96 13.972 0.037 14.042 0.028 14.137 0.029 14.146 0.037
2455073.99 13.847 0.036 13.937 0.035 14.057 0.031 14.103 0.037
2455074.94 13.825 0.036 13.851 0.028 13.986 0.029 14.059 0.037
2455076.02 13.738 0.036 13.672 0.031 13.855 0.029 13.935 0.038
2455077.00 13.609 0.036 13.623 0.028 ... ... 13.870 0.038
2455077.93 13.643 0.036 13.592 0.029 13.779 0.029 13.918 0.037
2455079.89 13.629 0.036 13.537 0.028 13.692 0.029 13.880 0.037
2455081.01 13.583 0.036 13.451 0.028 13.637 0.029 13.875 0.037
2455081.92 13.622 0.036 13.494 0.030 13.695 0.029 13.940 0.37
2455082.94 13.669 0.039 13.555 0.028 13.708 0.029 13.939 0.037
2455083.94 13.595 0.036 13.487 0.039 13.663 0.034 13.942 0.039
2455084.99 13.765 0.036 13.586 0.029 13.749 0.029 14.032 0.040
2455085.93 13.769 0.037 13.602 0.028 13.782 0.029 14.080 0.037
2455087.94 13.861 0.037 13.629 0.028 13.941 0.029 14.179 0.038
2455089.97 ... ... 13.651 0.029 13.900 0.029 14.295 0.037
2455090.92 13.989 0.036 13.768 0.028 14.006 0.029 14.337 0.038
2455091.92 14.047 0.046 13.739 0.044 13.965 0.041 14.311 0.038
2455092.96 14.123 0.038 13.815 0.034 14.125 0.029 14.438 0.037
2455093.99 14.359 0.039 ... ... 14.258 0.032 14.618 0.037
2455094.87 14.416 0.037 14.055 0.028 14.334 0.029 14.625 0.037
2455095.95 14.537 0.036 14.115 0.028 14.394 0.029 14.615 0.037
2455097.02 14.639 0.038 14.085 0.030 14.345 0.029 14.606 0.037
2455097.90 14.776 0.038 14.238 0.028 14.460 0.029 14.663 0.037
2455098.93 14.885 0.036 14.203 0.028 14.482 0.029 14.621 0.037
2455099.94 15.000 0.036 14.301 0.029 14.470 0.029 14.601 0.037
2455100.93 15.113 0.042 ... ... 14.444 0.031 14.515 0.037
2455101.98 15.145 0.037 14.330 0.028 14.476 0.029 14.461 0.040
2455102.96 15.175 0.036 14.335 0.028 14.425 0.029 14.435 0.037
2455104.96 15.381 0.036 14.413 0.028 14.403 0.029 14.394 0.037
2455106.87 15.591 0.039 14.524 0.029 14.425 0.029 14.434 0.037
2455112.91 16.076 0.044 14.825 0.028 14.666 0.030 ... ...
2455114.90 16.112 0.037 14.928 0.038 14.781 0.029 14.430 0.037
2455116.96 16.206 0.091 15.104 0.029 14.916 0.029 14.544 0.037
2455120.93 16.288 0.036 15.292 0.028 15.066 0.031 14.754 0.037
2455123.89 16.480 0.039 15.388 0.028 15.337 0.029 15.049 0.037
2455126.91 16.418 0.036 15.448 0.043 15.363 0.030 15.169 0.037
2455129.81 16.514 0.036 15.636 0.029 15.532 0.029 15.325 0.037
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Table 5.2: SN 2009ig KAIT Observations Continued
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2455132.86 16.619 0.047 15.721 0.031 15.572 0.029 15.442 0.038
2455133.85 16.546 0.040 15.704 0.029 15.544 0.034 15.509 0.037
2455139.91 16.716 0.063 15.941 0.044 15.809 0.088 15.880 0.061
2455143.81 17.001 0.148 16.088 0.043 15.935 0.031 15.973 0.047
2455148.89 16.792 0.044 16.081 0.038 16.074 0.029 16.063 0.037
2455154.82 16.974 0.037 16.316 0.029 16.326 0.029 16.397 0.038
2455159.77 16.983 0.036 16.376 0.029 16.402 0.029 16.490 0.040
2455168.81 17.187 0.045 16.682 0.033 ... ... 16.820 0.038
2455173.83 17.295 0.037 16.745 0.030 16.835 0.030 16.981 0.040
2455182.76 17.286 0.036 16.994 0.030 17.066 0.041 17.385 0.127
2455188.71 17.527 0.036 17.095 0.033 17.263 0.031 17.509 0.069
2455196.79 17.589 0.061 ... ... ... ... ... ...
Table 5.3: SN 2009ig Swift/UVOT Observations
JD U (mag) err(U) (mag) B (mag) err(B) (mag) V (mag) err(V) (mag)
2455065.33 17.896 0.068 17.079 0.040 16.546 0.052
2455066.58 16.712 0.042 16.113 0.032 15.827 0.042
2455068.58 15.163 0.021 14.961 0.025 14.926 0.031
2455070.50 14.257 0.015 14.403 0.024 14.411 0.028
2455072.96 13.741 0.011 14.048 0.022 14.010 0.024
2455075.13 13.504 0.011 13.776 0.022 13.816 0.024
2455076.58 13.498 0.012 13.714 0.023 13.697 0.025
2455079.33 13.517 0.012 13.613 0.022 13.561 0.024
2455081.00 13.702 0.006 13.666 0.022 13.568 0.024
2455084.42 13.827 0.012 13.720 0.022 13.602 0.024
2455086.75 13.994 0.012 13.842 0.022 13.654 0.024
2455088.92 14.264 0.005 ... ... ... ...
2455089.50 14.289 0.015 14.002 0.023 13.748 0.025
2455098.96 15.385 0.024 14.845 0.025 14.273 0.028
2455105.96 ... ... 15.483 0.028 14.515 0.029
2455107.88 ... ... 15.626 0.030 14.631 0.030
2455113.79 ... ... 16.015 0.030 14.925 0.031
2455116.88 ... ... 16.188 0.033 15.199 0.034
Table 5.4: SN 2009ig Peak Values
Filter U B V R I
Peak Light 2455076.57 ±0.08 2455080.54 ± 0.04 2455082.17 ±0.03 2455081.33 ±0.29 2455078.26± 0.25
Peak (mag) 13.46 ± 0.01 13.66 ± 0.03 13.52 ±0.02 13.64 ± 0.02 13.88 ± 0.03
∆m15(mag) 0.95 ± 0.01 0.89 ± 0.02 0.58 ± 0.01 0.69 ± 0.01 0.63 ± 0.02
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Figure 5.2: Light curves from Foley et al. (2012) showing UVW2 (fuchsia), UVM2 (purple),
UVW1 (navy) UBV RI (cyan, blue, green, red, and orange, respectively) superimposed on tem-
plate SN 2005cf (black line) light curves (Wang et al., 2009). Circles are KAIT observations, and
Swift/UVOT are distinguished by squares. Unfiltered observations are shown in black.
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to the highest ejecta velocity value for a SN Ia. The strengths of the features change significantly
from t = -13 days to t = -9 days (Figure 5.4). The figures show the change of the features over time.
In the first spectrum, there seem to be two components, with the blue dominating. The spectra
shift, with the t = -12.2 d have equal strengths. Then, in the t = -11.2 d, the redder component
dominates. The blue component is barely distinguishable in the final spectra.
Figure 5.3: Spectra from Foley et al. (2012) showing the evolution of the high-velocity components
of Si II at λ=6355Å.
Marion et al. (2013) continues the discussion of the spectral evolution of SN 2009ig to include
spectra obtained at t = -14 d to t = +13 days. SN 2009ig had an unusually high number of lines
with detectable high-velocity features (HVF), and these spectra observe the transition from HVF to
photospheric-velocity features (PVF). HVF features could be created from the interaction between
the SN ejecta and the surrounding medium (Gerardy et al., 2004). The shock from the SN explosion
sweeps up CSM as it expands, leading to the formation of HVF features in the SN spectra. This
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material could possibly cause the light echo discovered at late-epochs. Other theories include an
enhancement in the abundance or changes in the ionization state of intermediate-mass elements in
the outermost ejecta layers (Blondin et al., 2013; Mazzali et al., 2005; Tanaka et al., 2008).
5.2 Steward and Kitt Peak Observations
SN 2009ig was included in our late-epoch monitoring due to its slightly peculiar nature
at peak, nearby host galaxy, and early detection. The SN was also located far-removed from the
center of the host galaxy, making easy identification of SN detections. The telescope, instrument
information, and reduction procedures for the Steward Observatory and Kitt Peak images can be
found in Subsection 2.1.1. We add two late epochs of observations using MOSAIC on the Mayall-4m
on January 11, 2011 and January 25, 2014 (>1500 days past maximum). The last epoch (light
echo) required numerous stacked long exposures, which resulted in the high uncertainty shown in
Table 5.5.
Figure 5.4: MOSAIC B observations of SN 2009ig on the Mayall-4m from January 2011 (left panel)
and January 2014 (right panel). The green circle shows the SN position in NGC 1015, where the
left panel shows the intrinsic SN emission before the light echo emerged. The images shows the
comparison of the fields and seeing during these two epochs. The faintness of the echo at the late
epoch is clear to see, which resulted in a large uncertainty in the magnitude.
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5.3 Light Echo Observations
Late-time observations of SN 2009ig were obtained with the LBT using the Large Binocular
Camera (Peter Garnavich, private communication), and the SN magnitudes are shown in Table 5.6.
The first observation (∼390 days past maximum) was the result of three 60s exposures obtained
through Bessell B and V filters. The second epoch at ∼750 days past maximum had five dithered
300s images. The same observing program obtained images at ∼800 and ∼850 days past maximum.
A template of the bias levels was created from the overscanned sections in the images and subtracted.
All data was flat corrected using twilight images and combined with a min-max rejection algorithm
in IRAF.
As is the case of SN 2007af, NGC 1015 was imaged as part of a HST Cepheid variable
observing program (Program ID 12880: P.I. A. Riess). NGC 1015 was selected as a new host galaxy
target due to the location of SN 2009ig, which will then be used to measure the Hubble constant
to ∼1.9% accuracy. The observing campaign used the same filters as SN 2007af (F160W: wide IR,
F350LP: a white-light filter, F555W: wide V , and F814W: wide I) to collect the data at a rate 3
times faster (more frequent imaging) than that used for SN 2007af. The observing program ran
from June 30, 2013 – October 8, 2013, obtaining images at 2 – 3 epochs per month. Due to the
sheer volume of images from this campaign (Table 5.7), we are unable to present all of the data and
analysis from the HST observations at this time, and we will simply discuss the preliminary results
of the first epoch (see Figures 5.5 and 5.6).
Photometry of the HST images was performed using the same method as described in
earlier chapters using the same VEGA magnitude zeropoints as mentioned for SN 2007af. In the
HST field, we do have a local star that was previously calibrated with ground-based observations




40. The location of the field star in the image
poses many challenges since it is on the edge of the field. Thus, it was not imaged in each exposure
that was then stacked. Therefore, it has a net exposure time that is less than the rest of the image.
The star has magnitudes of B = 19.513 ± 0.004 mag, V = 17.960 ± 0.002 mag, R = 16.641 ± 0.003
mag, and I = 15.928 ± 0.003 mag, which agree well with the calibration from another team (B =
19.55 ± 0.05 mag and V = 18.10 ± 0.05 mag (Peter Garnavich, private communication).
The light curves of SN 2009ig are shown in Figure 5.7. Foley et al. (2012) (open circles),
Steward Observatory (filled squares), Kitt Peak (filled triangles), HST (open squares) and light
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Table 5.5: SN 2009ig Steward and Kitt Peak Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag) R (mag) err(R) (mag) I (mag) err(I) (mag)
2455251 18.503 18.209 18.575 18.974
2455252 18.547 18.159 18.732 19.016
2455400 20.639 20.362 20.662 ... ...
2455439 21.279 20.649 20.949 20.600
2455483 ... ... 21.216 21.917 ... ...
2455487 22.054 ... ... 21.923 ... ...
2455572.65 22.645 0.08 22.400 0.04 22.343 0.09 22.874 0.10
2456681.71 23.841 0.73 23.401 0.60 ... ... ... ...
Table 5.6: SN 2009ig LBT Observations
JD B (mag) err(B) (mag) V (mag) err(V) (mag)
2455470.8 21.28 0.06 21.07 0.06
2455828.9 23.17 0.07 ... ...
2455882.9 23.30 0.07 23.45 0.07
2455924.6 23.28 0.06 23.50 0.07
Figure 5.5: The full F555W image from June, 30, 2013. The light echo is distinguished with a green
circle, and the 1′′ x 1′′ inset of the echo is shown at bottom left.
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Table 5.7: SN 2009ig HST Observations
Date Filter Exptime (s) Magnitude
2013-06-30 F350LP 2288 24.44 ± 0.12
2013-06-30 F160W 1306 ...
2013-06-30 F555W 480 24.47 ± 0.02











































Figure 5.6: Color composite image created from WFC3 F350LP, F555W, and F814W observations
from June 30, 2013. The green arrow points to the light echo, which appears bluer because of the
faintness of the echo in the F814W (red) component of the color composite.
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echo LBT images (Peter Garnavich, private communication) (filled circles) are plotted against SN
1992A (Suntzeff, 1996). It is clear, SN 2009ig is much broader at peak than SN 1992A and does not
match the template well. At late-epochs, BV start to decline normally, while R is brighter at ∼500
days past maximum. The light echo observations show the clear deviation from the normal decline
of a SN. We include the error bars in our very late-epoch Kitt Peak observations to show the general
fading behavior of the echo.
5.4 Dust Analysis
In this section, we present the preliminary results of comparing the FWHM of local stars to
that of the light echo. We also determine the angular size and thus, distance between the dust and
the SN, and discuss the predicted versus observed light echo color for SN 2009ig based on our first
epoch of HST observations.
5.4.1 Extended FWHM
Because the echo is located in an area free of artifacts, the same FWHM test as described in
Subsection 2.2.1 was performed successfully. Comparing the light echo to the FWHM of local field
stars in the F350LP and F555W filters resulted in a 2.4 times FWHM extended object. The FWHM
of the echo in F814W was 2.0 times the FWHM of field stars (see Figure 5.8 for radial plot). This,
combined with the unique dip feature of the surface plots of the images (Figure 5.9 for F555W)
strengthens the argument of a light echo detection explanation of the source at the SN position.
5.4.2 Angular Size and Distance
As can be seen from the radial and surface plots, the angular size of the echo can be readily
determined by fitting a region around the source. The radius of the echo is 4.19 ± 0.25 pixels in
F350LP, 4.28 ± 0.20 pixels in F555W, and 3.45 ± 0.21 pixels in F814W. The echo is hardest to
distinguish from the background in F814W, which is the same trend observed for SN 2007af. The
PSF subtracted angular size of the echoes (using the WFC3 pixel scale of 0.04′′pix−1) are 0.12 ±
0.02′′, 0.12 ± 0.01′′, and 0.09 ± 0.02′′, respectively. Adopting a host galaxy distance of 39.09 Mpc
(Foley et al., 2012), and the time since B peak (3.81 yr), this translates to an average dust distance
of 190 ± 40 pc. This is consistent with the dust distance derivations of <300 pc from the ground-
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Figure 5.7: BV RI data (open circles) from Foley et al. (2012) are overplotted against the dashed
template of SN 1992A (Suntzeff, 1996). BV RI filled squares and triangles are the Steward Obser-
vatory and 4-m additions, respectively, and the filled circles are the BV LBT observations (Peter
Garnavich, private communication). As is clear from the fit of the template SN, SN 2009ig was a
broad SN at peak. Open squares are the first epoch of the Cepheid campaign with HST .
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Figure 5.8: The IMEXAMINE radial plot of the F814W image of the echo of SN 2009ig from June
2013, showing the large scatter and faintness of the echo.
Figure 5.9: The IMEXAMINE surface plot of the June 2013 F555W filter observation. A dip in the
peak is clearly visible adding strength to the light echo argument. Stars in the field feature a sharp
peak with no dip in the middle.
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based LBT images (Peter Garnavich, private communication). The schematic of the light echo (not
drawn to scale) is shown in Figure 5.10.
Figure 5.10: The geometry of the echo (not to scale) as derived from the June 30, 2013 HST
observation. The echo (shown in orange) was created from a dust sheet located ∼190 pc in front of
the SN.
5.4.3 Light Echo Color
We obtained a peak spectrum (-0.4d) of SN 2009ig from Foley et al. (2012), which covered
a wavelength range of 4200 – 10000Å. Since the spectrum did not cover UV wavelengths, we only
present the F555W – F814W color. A Swift spectrum is available at nearly the same epoch, but
only covers a wavelength range of 2000 – 5000Å. The optical spectrum was obtained with 450s
exposure on the Low Resolution Spectrograph on the Hobby-Eberly Telescope by S. Odewahn. We
show the results of our dust color predictions in Table 5.8. The flash duration estimates from the
light curve and observations of SN 2009ig from Foley et al. (2012) were 36.9 days (0.101 yr) for
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V and 52.2 days (0.143 yr) for I. We show the normalized peak spectrum with the HST filters
overplotted in Figure 5.11.
Figure 5.11: The normalized SN 2009ig spectrum (Foley et al., 2012) is shown (black line) with the
HST filter transmission curves (from the WFC3 instrument handbook) superimposed. The F555W
(green) and F814W (red) filter responses match the normal SN Ia spectrum fairly well, which
supports the output of the code, showing only minor differences between the HST and standard
filters.
It is readily apparent from even our one epoch of HST observations, that the F555W –
814W color is extremely blue (-1.77 ± 0.30 mag). This light echo exhibits a color that is even bluer
than SN 2007af, which suggests a very unusual dust type. However, the spectrum of SN 2009ig
did show large high velocity and photospheric absorption features, which could possibly account
for some of the blueness seen in the echo color (Foley et al., 2012; Marion et al., 2013). Even in
these redder wavelengths, the predicted color was a poor match to the observed peak and light echo
color. However, from this analysis, we can rule out 90◦ and 180◦ scattering, but cannot discriminate
between dust types.
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Table 5.8: F555W – F814W Echo Color Predictions
LMC SMC Bar MW
RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
Peak Color Observed V – I = -0.36 ± 0.02 Model F555W – F814W = -0.092
Light Echo Color -1.77 ± 0.30
0◦ Predictions -0.883 -0.885 -0.881
90◦ Predictions -0.138 -0.260 -0.075
180◦ Predictions -0.285 -0.279 -0.023
By integrating the SN 2009ig spectrum folded with the HST transmission filters and Bessell
filters compared to the Vega spectrum folded with the same filters and integrating over the wave-
length range of the Bessell filters (4300 – 7500Å for V and 7000 – 9000Å for I), we can calculate
the magnitude differences. We compare the differences between the HST and standard filters in
Table 5.9. The largest differences amount to ∼0.1 mag in the V filter. Since the filter differences are
relatively small (especially compared to the findings for SN 2006X), the color mismatch between the
theoretical and observed predictions could be due to either abnormal dust or some other complex
mechanism. We must also rerun the photometry of SN 2009ig using calibrations from more local
stars to improve our photometry.
Table 5.9: HST vs. Bessell Filters
Filter Names Scattering Angle Peak (mag) RV = 2.6 (mag) RV = 2.87 (mag) RV = 3.1 (mag)
V – F555W 0◦ -0.045 0.076 0.088 0.091
V – F555W 90◦ -0.045 0.008 0.024 -0.007
V – F555W 180◦ -0.045 0.131 0.083 0.048
I – F814W 0◦ -0.047 0.026 0.023 0.021
I – F814W 90◦ -0.047 -0.026 -0.020 -0.025
I – F814W 180◦ -0.047 -0.036 -0.027 -0.038
Due to the large uncertainties in our ground-based light echo observations and HST archive
pipeline reduction issues, we leave the completion of the analysis of the SN 2009ig light echo to




The comparison of Type Ia supernova echoes is challenging due to the different time delays
and dust geometries. First, we will consider similar cases. We begin by comparing SN 1991T and SN
1998bu. These were the first SN Ia light echo detections and have been rigorously studied together
for their peak and echo similarities, and they both were monitored >1000 days past maximum.
We continue this discussion with the addition of the new late-epoch observations. Next, we will
compare SN 2007af to SN 1998bu, which is the only other clear case of a dual-feature light echo in
a SN Ia, and the inner echo was also proposed of circumstellar dust origin (Garnavich et al., 2001).
Unfortunately, SN 1998bu was not captured with the I filter, but we will outline the various parallels
and differences between the echoes.
SN 2006X was observed in an I filter (F775W), but shows a different color dependence
than SN 2007af, implying a different dust. The echo from SN 2006X showed a distinct wavelength
dependence, with more light scattered from shorter wavelengths. W08 credits this trend to small dust
size. This pattern is also observed in SN 2007af and SN 1998bu and can be explained with shorter
wavelengths being more efficient scatterers. We will conclude with comparing and contrasting the
small sample size of SN Ia light echo discoveries from the literature and from the late-time archival
Hubble Space Telescope observations featured in this dissertation.
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6.1 SN 1991T vs. SN 1998bu
At ∼600 days past maximum, the magnitude of SN 1991T plateaued due to the existence
of a light echo (Sparks, 1994). SN 1991T was one of the first SNe Ia to be monitored to very
late epochs (>1000 days) due to its nearby host galaxy NGC 4527 (D = 15 Mpc using Cepheid
calibration) and strange behavior at peak (Sparks et al., 1999). SN 1991T was also the first SN Ia
light echo detection, showing the success of monitoring peculiar SNe for light echo searches. The
SN had a very slow decline rate of ∆m15(B) = 0.94 ± 0.05 mag (Phillips et al., 1999), which is
similar to the value derived for SN 1998bu of 1.01 ± 0.05 mag (Jha et al., 1999). The late-time
observations from 750 – 950 days past maximum showed a rate of decline consistent with 0.01 ± 0.03
mag per 100 days. In spectra obtained using the Multiple Mirror Telescope spectrograph 752 days
past maximum, the emission shifted blueward of 4500Å, which is typical of a light echo signature.
The light echo from SN 1998bu was found at a similar epoch (∼500 days past maximum), and
the nebular spectrum obtained using the ESO 3.6-m telescope had also shifted to a blue continuum
(Cappellaro et al., 2001). SN 1998bu featured a much higher optical depth than SN 1991T, which
implies more material along the line of sight. Polarization measurements were obtained for both
echoes, but the results were only published for SN 1991T. Figure 6.1 shows the spectral comparison
of both SNe at two epochs. The spectra show remarkable similarity to each other. Figure 6.2 shows
the V absolute magnitude light curve of both echoes. SN 1991T is slightly brighter at late-epochs
(∼0.8 mag), but the same light echo signature is observed. The late-epoch echo magnitudes of
SN 1991T are compared to our SN 1998bu combined echo magnitudes in Table 6.1. F342W is a
comparable U filter to F336W. The SN 1991T values from Sparks et al. (1999) are shown in the first
four rows, which are consistent with the values determined in our analysis for SN 1998bu.
Table 6.1: SN 1991T vs. SN 1998bu Light Echo Magnitudes
Date Epoch (days since Bpeak) Filter Light Echo Magnitude
1996 Dec 07 2050 F606W 21.9
1996 Dec 22 2065 F342W 21.2
1997 Dec 28 2436 F342W 21.3
1998 May 10 2581 F342W 21.5
2006 Jan 16 2800 F606W 21.7 ± 0.1
2009 Nov 12 4200 F606W 21.7 ± 0.1
2014 Apr 05 4200 F336W 20.9 ± 0.3
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Figure 6.1: The spectra of SN 1998bu (thick) and SN 1991T (thin) at ∼1 and ∼2 yrs after explosion
(Cappellaro et al., 2001). The nebular spectra ∼300 days past maximum are dominated by strong
emission lines of Fe II and Fe III, while the echo spectra have broad absorption and emission features.
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Figure 6.2: The V band light curve comparison of SN 1991T (open circles and triangles) and SN
1998bu (filled circles and triangles) from Cappellaro et al. (2001). Although this figure only includes
the first light echo observations of SN 1998bu, the agreement between the two echoes is striking.
The solid line is the normal decline of SN 1996X.
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These first two SN Ia light echoes detections were monitored for over a decade and showcase
the importance of light echo detections and extensive monitoring for observing the evolution of the
echoes to astronomy. In future light echo searches, late-epoch observations of SN 1991T-like SNe
should be the focus.
6.2 SN 2007af vs. SN 1998bu
Both of these SNe were classified as normal SNe Ia at peak by their spectra. However, SN
1998bu differed greatly from SN 2007af at peak. It featured a slow decline at maximum, and suffered
more extinction (AV = 0.86 mag compared to AV = 0.39 mag for SN 2007af) (Cappellaro et al.,
2001; Simon et al., 2007). While both SNe featured multiple echoes, the cases are very different. SN
1998bu was detected at a much earlier epoch, but since it was one of the first SNe Ia to be monitored
to nebular epochs (due to the previous calibration of the host galaxy distance using Cepheid variable
stars), the early detection is not surprising. Both SNe showed the characteristic flattening of the
light curve due to an echo in each observed filter. Hubble Space Telescope observations confirmed
the existence of both echoes, and in the case of SN 1998bu, spectra were also used to confirm the
echo.
While for both SNe, the outer echoes have a larger optical depth, the similarities end there.
The light echo rings are also not uniformly illuminated for SN 1998bu, suggesting patchy dust. In
the case of two forward-scattered light echoes, the dust sheet distances are much further away from
the source for SN 2007af (800 pc and 100 pc compared to 200 pc and 10 pc, respectively for SN
1998bu). SN 1998bu also featured an inner echo produced from an inclined dust sheet. The light
echo colors are also quite different between outer and inner echoes for these SNe. SN 2007af featured
echo colors that differed by ∼0.6 mag, while the echoes from SN 1998bu produced similar colors at
each epoch. Although the SN 1998bu echo colors had a higher uncertainty, the values were more
consistent with a typical forward-scattered Milky Way dust origin of the echoes. For SN 2007af,
the outer echo color was not replicable using a forward-scattered scenario, but the inner echo was
replicable by Mily Way-type dust.
Considerably more information can be inferred from the light echoes of SN 1998bu since
the SN was observed six times as long as SN 2007af. With more observations of SN 2007af, more
in-depth comparisons could be made. The echoes from SN 1998bu were unique because of their
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extensive monitoring, and this case shows the importance of late-epoch observations of SNe Ia.
With this work, the evolution of the echoes was further analyzed and compared to previous results
from multiple teams. Further proposals to observe SN 2007af will be submitted in the future.
6.3 All SN Ia Light Echoes
I compare all of the Type Ia supernova light echo detections to date in Table 6.2. In the
case of multiple echoes, the multiple distance values derived are listed, with the inner echo value
coming first (for the case of SN 2007af, we quote the ISM value derived). The detection dates and
ages of the SNe were taken from the literature: (SN 1991T (Sparks et al., 1999), SN 1995E (Quinn
et al., 2006), SN 1998bu (Cappellaro et al., 2001), SN 2006X (W08), SN 2007af (Simon et al., 2007),
2009ig (Garnavich et al., 2013), and SN 2014J (Crotts, 2014)). When applicable, we list the dust
distances derived from this research.
Table 6.2: SN Ia Light Echo Detections
SN Echo Discovery Epoch (days since Bpeak) Dust Distance (pc)
SN 1991T January 26, 1993 639 50
SN 1995E September 4, 2001 2355 207 ± 35
SN 1998bu December 4, 1999 554 10 ± 3, 190 ± 10
SN 2006X December 24, 2006 308 80 ± 5
SN 2007af January 8, 2010 1031 90 ± 20, 790 ± 60
SN 2009ig November 17, 2011 802 190 ± 40
SN 2014J September 9, 2014 234 80, 300
6.3.1 Change in Magnitude vs. Extinction
A relation between E(B – V) and ∆m, the peak-echo magnitude difference accounting
for extinction, can be determined, assuming the relationship between scattering and absorption is
known. Table 6.3 lists the values of all reported SNe Ia light echoes including SN 2007af (using RV =
2.6). A lower RV was adopted after the dust analysis results. The combined magnitude for SN 2007af
converted to standard Bessell magnitudes was used for this analysis (Bessell, 1990). The first three
rows were taken from Quinn et al. (2006), and the SN 2006X E(B – V ) value was reported in W08.
E(B – V) for SN 2007af comes from Simon et al. (2007). The ∆V values for SN 1998bu, SN 2006X,
SN 2007af, and SN 2009ig were adopted from our analysis, where the total magnitude was also used
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for SN 1998bu. The values are plotted in Figure 6.3, showing the excellent agreement between all
of the SNe except SN 2014J and the Patat (2005) model for single and multiple scattering. For
low optical depth values (τ ≤1.0), the light echo phenomenon is well described by single scattering.
Auto-absorption and attenuation becomes significant for τ > 1.0, and multiple scattering must be
considered.
Figure 6.3: The difference in extinction corrected V peak to echo magnitude (total magnitude in
the case of SN 2007af and SN 1998bu) compared to the Patat (2005) model for single and multiple
scattering using a dust law of RV = 2.6. The figure shows the similarity between the SNe Ia echoes
and the excellent agreement to the model. SN 2014J is the only outlier in the plot (within the
uncertainties).
SN 2007af featured a lower E(B – V) at peak than average SNe Ia and the lowest value
of all light echo candidates to date. The fact that a significant portion of the sample of SNe Ia
found with light echoes have low extinction values is surprising. SN 2007af showed nothing in its
peak behavior to suggest the possibility of an echo at late epochs. The production of a light echo
from such environments needs to be further explored. SN 2007af and SN 2006X both had colors not
replicable by our model although they are at the opposite extremes of the extinction spectrum. For
SN 2006X, the extreme peak colors and highly extinct spectrum are most likely the cause, but for
SN 2007af, more in-depth analysis is needed.
We typically expect to see light echoes from highly reddened SNe since the peak behavior
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Table 6.3: SN Ia Light Echo Comparisons
Supernova E(B – V)(mag) ∆V(mag)
SN 1991T 0.14 ± 0.05 10.73 ± 0.28
SN 1998bu 0.21 ± 0.04 10.37 ± 0.10
SN 1995E 0.74 ± 0.03 10.40 ± 0.22
SN 2006X 1.42 ± 0.04 11.55 ± 0.10
SN 2007af 0.13 ± 0.03 11.38 ± 0.13
SN 2009ig 0.22 ± 0.04 10.13 ± 0.07
SN 2014J 1.32 ± 0.01 9.53 ± 0.20
demonstrates the large amount of dust in the vicinity. However, only two out of the seven extra-
galactic cases comes from a highly reddened SN. This could be a bias due to the lack of late-epoch
monitoring of these SNe combined with the small sample size, but it is an interesting thing to note.
6.3.2 Host Galaxy Morphology
Following the discussion from Patat (2003) and Quinn et al. (2006) on the link between
host galaxy morphology and SN type, we compare the host galaxies of known light echoes in this
subsection.
Both SN 1991T and SN 1998bu featured a slow decline and exploded in SAB-liner (low-
ionization nuclear emission-line region) galaxies. The host galaxies of these SNe (NGC 4527 and
NGC 3368, respectively) have an enhanced star forming rate. Recent studies have shown evidence
for a relationship between SN type and host galaxy classification. The peak brightness of SN Ia
correlate with host galaxy morphology and star-formation history (Hamuy et al., 1996; Gallagher
et al., 2005). Faint SNe usually occur in early-type galaxies (E/S0), and bright SNe (1991T-like)
usually occur in spiral (Sbc or later) galaxies (Hakobyan et al., 2012).
SN 1995E and SN 2007af both exploded in Sc spiral galaxies (NGC 2441 and NGC 5584,
respectively). The host galaxy of SN 2009ig was NGC 1015, a face-on Sb spiral galaxy. The
explosion site was nearby a young and compact star cluster. SN 2006X and SN 2014J both exploded
in starburst galaxies (M100, a grand-design spiral galaxy and M82, and edge-on irregular starburst
galaxy). Interestingly, all of the host galaxies have large regions of star formation associated with
them, and all except one are spiral galaxies. Since brighter SNe are found in spirals, which consist




In this dissertation, we continue our late-epoch investigation of light echoes in Type Ia
supernovae. We present the analysis of light echoes from four SNe Ia using ground-based images
taken from Steward Observatory, Kitt Peak National Observatory, Mount Graham International
Observatory, and space-based images taken from the Hubble Space Telescope data archive. We
summarize our publication on the light echo from SN 2007af (Drozdov et al., 2014) and discuss the
recent improvements to the work since Drozdov (2013). We introduce the light echo from SN 2009ig
and continue the work of multiple teams in our analysis of the light echoes from SN 2006X and SN
1998bu.
We discuss the improved techniques and findings on the light echoes from SN 2007af in
NGC 5584, which was recently accepted into the Astrophysical Journal. We also added ground-
based compliments to our 2010 HST light echo observations from Steward and Kitt Peak National
Observatory. We developed a new code to map the location of the light echo to accurately attribute
counts to the correct source (outer echo, inner echo, background, or artifact), which improved our
photometry. We used the WFC3 Instrument Handbook standard procedures in determining the
VEGA magnitudes of our echoes using VEGA zeropoints of the appropriate filters (this was the
same method used for all of our echo magnitudes). The code was also used to better constrain the
angular sizes of our echoes, which were consistent with our previous results for the outer echo, while
the inner echo size changed by ∼0.5′′. The distance determined between the dust and the SN were
as follows: 800 ± 60 pc for the outer echo, 90 ± 20 pc for the inner echo using an ISM scenario, and
0.45 ± 0.01 pc using a CSM scenario.
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We also developed another code to predict the light echo colors of a SN using various dust
types and scattering scenarios. The inputs of the code were the peak SN spectrum, transmission
filters of the desired filters from the HST Instrument Handbook, standard Vega spectrum (used for
comparison), and the dust cross-sections from Draine (2003) for various dust types and scattering
angles. The transmission filters were folded into the interpolated peak SN spectrum, scattered, and
compared to the Vega spectrum. Then, the spectra were integrated over the full filter range. The
magnitude of the color was determined in the standard method of converting from flux to magnitude.
This process was used for all of our SNe. We also used the code to predict the peak color of the
SN (which we compared to the observed color from the literature) and the magnitude differences
between the standard and HST filters.
The outer echo color (F555W – F814W) of SN 2007af in VEGA magnitudes was very similar
to peak value V – I (-0.3 mag) reported, but the color could not be replicated by our three dust
types in either the forward or back-scattering regime. On the other hand, the inner echo color (-0.9
mag) was consistent with forward scattering, but due to large uncertainties, we were not able to
distinguish between types. Because SN 2007af was a normal SN Ia, the differences between the
VEGA magnitudes and standard magnitudes were minor. Future work remains to understand the
outer echo, and with deeper observations, we would be able to monitor the growth of the outer echo
ring and observe the evolution.
After searching the Hubble Space Telescope archive, unpublished public observations of the
light echoes from SN 2006X and SN 1998bu were discovered. For SN 2006X, only three images
(F475W, F555W, and F775W) in 2009 (>1300days past maximum) were found. For SN 1998bu, we
were able to obtain observations in the F336W, F438W, F475W, F555W, F606W, and F625W filters
taken with the ACS and WFC3 from 2003 – 2014. Photometry of both SNe echoes (and SN 2009ig)
was determined using DAOPHOT in IRAF. Because these two cases were previously detected by
multiple teams, we were able to compare and contrast our findings.
The magnitudes of the light echo from SN 2006X were 22.3 ± 0.1 mag for F475W, 21.9 ±
0.1 mag for F555W, and 21.7 ± 0.1 mag for F775W. Using the angular size of ∼0.2′′ and the distance
to NGC 4321 of 15.2 Mpc, the dust was calculated to be 80 ± 5 pc in front of the SN. The heavily
reddened nature of SN 2006X at peak (E(B – V) = 1.42 mag) proved problematic in our dust color
analysis. After obtaining a peak spectrum of SN 2006X from the Asiago Supernova Catalogue, our
dust color predictions were radically different from the observed peak and light echo colors at shorter
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wavelengths (0.4 ± 0.01 mag for F475W – F555W). However, the code did produce reliable results in
the F555W – F775W regime, where not only did the peak theoretical color match, but also, the most
favorable prediction to match the 0.2 ± 0.01 mag color observed was forward-scattering of our lowest
RV value dust type (LMC). From this SN, we illustrated that the spectra of a source dramatically
affects the filter colors, and simply labeling the HST filters by their conventional nomenclature (i.e.
V ) results in as much as ∼0.5 mag of difference in these heavily reddened SNe.
SN 1998bu resulted in the best comparable case to SN 2007af because of the similar multi-
echo structure. Due to the wealth of observations of this SN, the evolution of the echo was extensively
monitored, and the angular size of both echoes grew at a rate consistent with a dust distance of 190
± 10 pc and 10 ± 3 pc for the outer and inner echo, respectively. The inner echo was shown to be
slightly off center from the SN explosion site, resulting in an inclination of the dust sheet of ∼30◦.
The brightness of both echoes is clearly fading, which is visually evident in the 2014 images. We
obtained a peak spectrum of SN 1998bu from the WISeREP archive. Unfortunately, the spectrum
did not include the UV wavelengths, and thus, we were unable to include the F336W color in our
analysis. While SN 1998bu exhibited normal SN Ia behavior at peak, which was reflected in the
spectrum, our high uncertainties made it impossible to discriminate between dust types. However, we
do conclude that the most favorable scenario was 0◦ scattering of MW-type dust. This is consistent
with the line-of-sight reddening value assumed at peak. The light echo(s) from SN 1998bu showed
many similarities to the light echo from SN 1991T, and we also discuss those findings.
We briefly introduce the new light echo detection of SN 2009ig, which was discovered in
late-epoch LBT observations. We add Steward and Kitt Peak National Observatory observations
to the late-light curve of the SN. Just like in the case of SN 2007af, the host galaxy of SN 2009ig,
NGC 1015 was included in a Cepheid campaign from June – October 2013 in the F160W, F350LP,
F555W, and F814W filters. Unfortunately, issues with the HST archive retrieval system resulted in
our completed analysis of only the first epoch of observations. Adopting a host galaxy distance of
39 Mpc, we determined the distance of the dust to be 190 ± 40 pc in front of the SN. The echo had
a FWHM 2.4 times extended than the local field stars. The magnitudes of the HST observations
were determined to be 24.4 ± 0.12 for the F350LP filter, 24.5 ± 0.02 for the F555W filter, and 26.2
± 0.30 for the F814W filter. Clearly, the echo is very blue, and the extreme color was not replicable
with our analysis using a peak spectrum from Foley et al. (2012). However, the small magnitude
differences between the HST and standard filters suggests that abnormal dust or photometry issues
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are responsible for the dispersion between the values in this case. When all of the HST data is
finally analyzed, we will have the best light echo comparison case to SN 2007af.
In our last chapter, we compare all of the light echo cases to date, and discuss the similarities
and differences between them. All of the light echo cases follow the trend of the single- and multiple-
scattering Patat (2005) model, except for SN 2014J. Because of the early detection of that light
echo, further observations are necessary, once the intrinsic SN emission has declined to confirm the
echo discovery. In this dissertation, we further investigate 4 out of a total 7 extragalactic light echo
detections in Type Ia supernovae. With further late-epoch monitoring of prime light echo candidates
in SNe Ia, we aim to add discoveries to this small sample and increase our understanding of these
exploding stars.
7.1 Future Work
While we present a detailed summary and continued monitoring for multiple Type Ia su-
pernova light echoes, more work remains. With more data publicly available for some of these SNe,
we have more observations to analyze and use to answer the questions that have arisen during our
findings. In particular, the dust color of the light echoes from SN 2007af, SN 2006X, and SN 2009ig
needs to be further explored. Further observations need to be analyzed for SN 1998bu and SN
2009ig.
7.1.1 SN 2007af
The extreme blue color of the outer echo from SN 2007af was not replicable by our analysis.
First, we must consider atypical dust. Because the outer echo is faint in contrast to the complex
background, careful host galaxy subtraction is needed to eliminate background contamination to
improve photometry. Preliminary attempts proved unsuccessful, and more rigorous algorithms and
higher caliber subtractions images will be used in the future. In particular, we want to utilize
the host galaxy subtraction software, the High Order Transform of PSF and Template Subtraction
(HOTPANTS), for this work.7 More deep observations of SN 2007af are necessary to investigate the




The B – V (F475W – F555W) color of SN 2006X needs further attention. The color
output from the code was even incorrect in predicting the peak color, which suggests more complex
processes needs to be implemented. Due to the large line-of-sight extinction seen at peak for SN
2006X, multiple scattering needs to be considered in the dust color analysis, which could possibly
account for the extreme color differences between the observed and theoretical color of this light echo.
Following the work of Patat (2005), we need to modify our code to include multiple scattering.
7.1.3 SN 1998bu
The light echoes from SN 1998bu have been investigated for >15 years, yet previously
unpublished public data is still available. More observations in the Hubble Space Telescope archive
exist and need to be downloaded, analyzed, and compared with the findings of this dissertation.
Observations taken in the F450W, F555W, and F606W filters in 2001 and 2002 are in the archive,
waiting for analysis. We also need to develop a way to use the polarization images obtained with the
ACS in 2003 and 2006 in our analysis. Photometry using the polarization images for the light echo
from SN 1991T (from the same HST proposal) have been published (Sparks et al., 1999), and that
paper needs to be studied in detail to follow the same procedure with the polarization observations
of SN 1998bu for magnitude determinations. Next, we could also use those images to attempt to
search for polarization detections, which in turn, could be used to estimate the distance to the host
galaxy of SN 1998bu in the same method as was used for SN 1991T.
7.1.4 SN 2009ig
In this dissertation, we simply introduced the light echo from SN 2009ig, and as was men-
tioned in Chapter 5, plenty of images remain to be analyzed. The major hurdle for our future work
for SN 2009ig is to download the final fully reduced and calibrated images from the HST archive.
Unfortunately, several attempts of this have resulted in peculiar images that appeared to not have
been drizzled (see Figure 7.1). Photometry on these images produced values dissimilar to the ones
presented in this dissertation. We either need to figure out a way to finish calibrating these images
ourselves using standard HST software, DrizzlePac (Gonzaga and et al., 2012), or ask for the entire
data set from our collaborators. We also need to recalibrate the field of SN 2009ig using our early
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ground-based calibrations to include the magnitudes of more local stars in the HST field to improve
the accuracy of our photometry.
Figure 7.1: Side-by-side 30′′ x 30′′ images of NGC 1015 taken in the F555W filter on June 30, 2013
showing the stark contrast between archived data (right panel) and fully reduced and calibrated
data (left panel). The left panel was given to us from a collaborator, while the right panel shows
the fully reduced image downloaded directly from the HST archive. The light echo is shown in the
2′′ blue outlined region.
Once we have access to the fully reduced images, we can continue our angular size, photom-
etry, dust distance derivations, and light echo color analysis for all epochs in the Cepheid campaign.
After this is completed, we will have the best comparable case to SN 2007af since both were cap-
tured with the same filters using the same instrument on HST . The results of the first epoch of
the Cepheid campaign show a similar color dependence as SN 2007af, so this work is of utmost
importance in our future endeavors. The dust color predictions did not match our one epoch of ob-
servations. We must continue our analysis on the full data, to see if the same color relationship holds
throughout. We also have a Swift spectrum at a comparable epoch, and we need to investigate if
there is a method to combine our spectra to widen the wavelength range. Then, we would be able
to discuss results of the F350LP – F555W color as well. We have already shown that assuming a
normal SN Ia peak spectrum can alter the results of the dust color work drastically, so having the
actual SN spectrum is vital for this part of the work. Also, as is clear from the light curve, SN 2009ig
did deviate from the normal template pretty significantly, which is another reason why we cannot
simply substitute a template (like in the case of SN 2007af). SN 2009ig had high velocity features in
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the spectrum, which would not be replicable if we simply used a template. Our collaborators have




Appendix A Ground- Versus Space-Based Filter Differences
In the literature, the Hubble Space Telescope WFC3 filters are often referred to as UBV RI
filters, but in reality, the filters are quite different. In this appendix, we compare the WFC3 filters
with various standard systems (Bessell, Johnson-Cousins, Strömgren, and Sloan digital Sky Survey
(SDSS)), showing the systematic differences between them. The magnitude difference between the
standard and WFC3 filters depends on the spectrum of the target object. Thus, these values only
hold for normal Type Ia supernovae.
Using the same method as described in our dust analysis section (see Subsection 3.4.2),
we calculate the differences between standard UBV RI Bessell filters (Bessell, 1990) and the HST
WFC3 UV IS filters using a peak Branch normal SN Ia spectrum (Nugent et al., 2002) compared
to the spectrum of Vega (Table 1). Unlike our dust analysis, the response functions were simply
folded with the spectra and not scattered. The WFC3 filter responses and filter specifics were taken
from the WFC3 Instrument Handbook (note in the WFC3 convention, W stands for wide-band, LP
stands for long pass, M stands for medium-band, and X stands for extremely wide). As defined in
the instrument handbook, the filter widths listed are, “passband rectangular widths, defined as the
equivalent width divided by the maximum throughput within the filter bandpass. Equivalent width
is the integral with respect to wavelength of the throughput across the filter passband.”
Table 1: WFC3 – Bessell Filter Differences
WFC3 Filter Names Filter Description Filter Width Å Difference (mag)
F225W UV wide 467 U – F225W = -0.118
F275W UV wide 398 U – F275W = -0.326
F336W Strömgren u 511 U – F336W = 0.228
F350LP Long Pass 4758 U – F350LP = -0.134
F410M Strömgren v 172 B – F410M = 0.180
F438W WFPC2 B 618 B – F438W = 0.033
F467M Strömgren b 201 B – F467M = -0.154
F475W SDSS g 1344 B – F475W = -0.080
F475X Extremely Wide Blue 2056 B – F475X = -0.036
F547M Strömgren y 650 V – F547M = 0.030
F555W WFPC2 V 1562 V – F555W = -0.022
F606W WFPC2 Wide V 2182 V – F606W = -0.014
F600LP Long Pass 2292 R – F600LP = -0.102
F625W SDSS r 1463 R – F625W = 0.062
F775W SDSS i 1171 I – F775W = -0.160
F814W WFPC2 Wide I 1536 I – F814W = 0.005
F850LP SDSS z 1182 I – F850LP = 0.116
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Figure 2: The standard UBV RI Bessell filters (Bessell, 1990) are overplotted on a peak Branch
normal Type Ia supernova, where the flux has been normalized (Nugent et al., 2002).
Next, we present the results of the WFC3 magnitude differences with the UBV Johnson
and RI Cousins standard filters in Table 2 (Johnson and Morgan, 1951; Cousins, 1974). Both the
Bessell and Johnson-Cousins filters are broadband filters, and other than the wide U filters, the
differences between the wide WFC3 and standard filters are typically <0.1 mag. The U filters show
the largest deviation from the standard filters. These results illustrate how erroneous simply calling
HST filters by their standard equivalents can be for Type Ia supernovae.
In Table 3, we compare the Strömgren uvby standard filters with the WFC3 Strömgren
equivalent filters. The Strömgren filter throughputs were taken from the Kitt Peak National Obser-
vatory filter data. As is evident in the results, the differences amount to ∼0.1 mag in some cases,
showing that even in the HST equivalent of the standard filters, there are still systematic differences
between the filters. This same trend is shown in the SDSS filter differences (Table 4). The SDSS
filter throughputs were taken from Gunn et al. (1998). We plot both the standard filters compared
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Figure 3: In this plot, we show the standard UVBRI Johnson-Cousins filters overimposed on the
normalizes SN Ia peak spectrum (Nugent et al., 2002). These filters are very similar to the Bessell
UBVRI standard filters.
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Table 2: WFC3 – Johnson-Cousins Filter Differences
WFC3 Filter Names Filter Description Difference (mag)
F225W UV wide U – F225W = -0.195
F275W UV wide U – F275W = -0.303
F336W Strömgren u U – F336W = 0.158
F350LP Long Pass U – F350LP = -0.178
F410M Strömgren v B – F410M = 0.181
F438W WFPC2 B B – F438W = 0.034
F467M Strömgren b B – F467M = -0.153
F475W SDSS g B – F475W = -0.079
F475X Extremely Wide Blue B – F475X = -0.041
F547M Strömgren y V – F547M = 0.086
F555W WFPC2 V V – F555W = 0.051
F606W WFPC2 Wide V V – F606W = 0.013
F600LP Long Pass R – F600LP = -0.080
F625W SDSS r R – F625W = 0.051
F775W SDSS i I – F775W = 0.014
F814W WFPC2 Wide I I – F814W = 0.036
F850LP SDSS z I – F850LP = 0.171
to their WFC3 equivalents in Figures 4 and 5. The Strömgren filters are most visibly different
from their WFC3 UVIS equivalents, especially in the u, where the F336W filter is actually shifted
from the the standard filter center (this is also true to a lesser extent for F467M). The F547M is
also much wider than its standard counterpart. On the other hand, the SDSS filters show good
agreement with their WFC3 UVIS equivalents, which can be clearly seen in the comparison between
their filter responses.
Table 3: WFC3 – Strömgren Filter Differences
WFC3 Filter Names Filter Description Difference (mag)
F336W Strömgren u Strömgren u – F336W = -0.113
F410M Strömgren v Strömgren v – F410M = -0.019
F467M Strömgren b Strömgren b – F467M = 0.101
F547M Strömgren y Strömgren y – F547M = -0.004
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Figure 4: This plot shows the WFC3 and Strömgren transmission filter curves taken from the
WFC3 and Kitt Peak instrument handbooks. The most noticeable mismatch between the Strömgren
standard filter and WFC3 equivalent is in the u, where a wide filter is used. This also corresponds
to the largest magnitude difference from our code. The F467M filter is shifted slightly off-center
from that of the standard equivalent, which corresponds to a ∼0.1 mag difference.
Table 4: WFC3 – SDSS Filter Differences
WFC3 Filter Names Filter Description Difference (mag)
F475W SDSS g SDSS g – F475W = -0.017
F625W SDSS r SDSS r – F625W = -0.026
F775W SDSS i SDSS i – F775W = -0.025
F850LP SDSS z SDSS z – F850LP = -0.015
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Figure 5: This plot shows the WFC3 and SDSS transmission filter curves taken from the WFC3
instrument handbook and Gunn et al. (1998). The figure shows the subtle differences between the
WFC3-SDSS filter equivalents and the actual SDSS filters. As is shown by the magnitude differences
between them, the SDSS filter equivalents in HST reproduce the standard filters very well, and the
filter centers are aligned.
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M., Salgado, F., José Maureira, M., Burns, C. R., Freedman, W. L., Madore, B. F.,
Murphy, D., Wyatt, P., Li, W., and Filippenko, A. V. 2010. The Carnegie Supernova
Project: First Photometry Data Release of Low-Redshift Type Ia Supernovae. Astronomical
Journal 139, 519–539.
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